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Lay Summary

The aim of my PhD was to develop a lateral flow test for the detection of Gram-
negative bacteria using small molecules as ligands rather than conventional
antibodies or aptamers. The small molecules targeted for this role were antibiotic-
based because they have a known, good interaction, with the outer periphery of the

target bacteria.

To make these molecules useable in a lateral flow test, extra functional groups were
added to them. These additional functional groups allowed the molecules bind to
both the bacteria and, to other parts required for the test. These parts included gold
nanoparticles which provide the strong red colour that shows the results of the test
and, the test strip that is made of the material nitrocellulose through which the

bacteria flows.

A lateral flow test was designed and built to use the antibiotic-based molecules and a
smartphone was used to image and analyse the test results. By optimising the design

of the lateral flow test Gram-negative bacteria were successfully detected.

This is a promising development in the kinds of molecules that can be used in lateral
flow tests and for simple bacterial detection. This work could be further developed to

expand the range of antibiotics used and further the lateral flow test.



Abstract

The development of rapid detection assays, such as lateral flow tests, have been
effective in helping to detect a range of biological targets, most recently in the
COVID-19 pandemic. The effective detection and classification of bacteria, such as
their Gram status using rapid low-cost lateral flow assay could help diagnose and
target treatment of bacterial infections in medical and veterinary applications. This is
important as over prescription of broad-spectrum antibiotics is a well-known

contributor to the rise in antimicrobial resistance.

My work targeted the development of lateral flow assays to achieve the specific
detection of Gram-negative bacteria. To make the assay Gram selective,
targeting/binding ligands were synthesised based on Polymyxin B, a Gram-negative

selective antibiotic.

A literature method of selective functionalisation of Polymyxin B was optimised to
service material at the gram scale for the development of three Polymyxin
conjugates: a Lipoic acid-Polymyxin conjugate and two Biotin-Polymyxin
conjugates with and without a spacer. The most effective binding/labelling agent was
determined to be a Biotin-Polymyxin conjugate with a six-carbon spacer, which
allowed the fluorescently labelling of E. coli by the generation of a Bacteria-

Polymyxin-Biotin-Streptavidin-fluorophore sandwich.

Most lateral flow tests use gold nanoparticles to label the target analyte as it provides
an intense red colour that is easily detectable by eye, and this was replicated here by
the attachment of Polymyxin to gold nanoparticles. Through testing a range of

methods for the attachment of Polymyxin, a nanoparticle system that could be used



to selectively label the surface of bacteria was developed. This Polymyxin-

nanoparticle labelling system was characterised via electron microscopy.

Nitrocellulose membranes were laser cut to shape and printed with reagents to give a
strip assay platform that could analyse the behaviour of the synthesised gold
nanoparticles and the Polymyxin targeting agents in flow. 3D printing was used to
fabricate an imaging enclosure to enable repeatable imaging that allowed for
smartphone capture of the assays and analysis with a custom Python-based image
analysis script. This allowed high-throughput testing and optimisation of the assay

and flow conditions.

Through the optimisation of the lateral flow assay design Gram-negative E. coli were
able to be detected in flow, imaged, and analysed. My PhD work thus provides an
example of a lateral flow assay functioning without antibodies or aptamers. This
work could provide the foundation for further development, including other

antibiotics to target different bacteria.
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1 Point of Care Detection of Bacteria

Since the discovery of Penicillin by Fleming in 1929 the impact of bacterial
infections on global mortality has greatly diminished.? The explosion in antibiotic
development through the 1950s to 1980s helped lead to a reduction in mortality by
communicable diseases and an increase in life expectancy in the developed world.?
This has made the top global causes of death (in the wealthy part of the world) non-
communicable diseases such as heart disease, stroke and cancer.* However, bacterial
infection remains a danger primarily in less developed counties due to lack of access
to diagnosis and treatment, with deaths from the five leading pathogens
(Staphylococcus aureus, Escherichia coli, Streptococcus pneumoniae, Klebsiella
pneumoniae, and Pseudomonas aeruginosa) causing 230 deaths per 100,000 people
in the sub-Saharan Africa region compared to 52.2 deaths per 100,000 people in the

highest income regions.>”

However, the spectre of bacterial infections is returning to the developed world due
to the rise of antimicrobial resistance (AMR)®° and has been identified as a leading
public health threat and requires urgent invention.*%!! It has been estimated that there
were 4.95 million deaths associated with bacterial AMR in 2019 alone (Figure 1).1?
These deaths are currently unevenly distributed towards the global south but this is a

challenge that will impact all countries.
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Figure 1: All-age rate of deaths attributable to (dark bars) and associated with (light bars)
antimicrobial resistance by Global Burden of Diseases (GBD) regions. Vertical lines represent
uncertainty in the values derived from statistical modelling applied to the data. Red highlighted
sections highlight a particular disparity between outcomes in Africa compared to developed western
countries. Reproduced from The Lancet, 2022, 399, 629-655, under the Creative Commons CC-BY
license. Published by Elsevier Ltd.*?

Tackling these issues requires a multi-pronged approach and significant
investment.!® One such approach is to improve the detection, diagnosis, and
treatment of bacterial infections and identify their susceptibility to antimicrobials.
Accurate, rapid detection and diagnosis can guide clinical treatment decisions,
resulting in a lower overall disease burden and reducing antibiotic misuse, which is a
key driver of AMR, through more targeted antibiotic selection. An area of research
aimed specifically at improving the speed of bacteria detection is the development of

Point-of-Care (POC) diagnostic assays and devices as an alternative to, or

supplement of, traditional detection methods.**’

13



1.1 Traditional Methods for the Detection of Bacteria

Before examining how POC methods can improve bacteria detection it is worth
considering what traditional methods are available to understand how new POC tests

can be positioned to improve on them.

The existing approach to clinical bacteria identification is centred on three key

methods?é:

1. Culturing, where bacteria are grown in a nutrient medium from a patient
sample?®, is used to amplify bacteria in the sample for subsequent analysis
and/or provide additional identifying details through the use of selective®
assays such as antibacterial susceptibility?!or chromogenic?? substrates.

2. Optical microscopy, using either patient samples directly (e.g. blood
smears?) or after culturing the sample to amplify the bacteria. Identification
can be by direct identification by morphology? or in combination with stains
(e.g. Gram stain®®, Auramine-Rhodamine TB stain?2’, Wirtz-Conklin spore
stain?®)

3. Indirect methods, such as biochemical function assays, (e.g. measurement
of the activity of enzymes such as phosphatase?®, catalase®® and , oxidase®!)
and serology, measuring the immune response in patient serum (i.e. the
detection of antibodies and antigens which would be present during/after

infection)

A combination of data from this constellation of tests can specifically determine the
species of bacteria present in a sample and guide treatment.®> While some of these

tests, such as for enzyme activity, can provide rapid results (e.g. urine dipstick assays

14



with chromogenic reporters®®3!) culture dependent methods are slow, requiring

upwards of 24 hours for cultures to grow>3%,

Recent developments aimed at improving clinical detection of bacteria have focused
on a few key areas: improvements to existing method (e.g., culturing and microscopy
stains), novel applications of analytical techniques such as mass spectrometry and,

expansion of molecular biology methods.

1.1.1 Developments in Culturing

Culturing on solid agar has been available since it was developed by Louis Pasteur in
1860%° and is often used where bacterial infection is suspected.® Improvements in
the amount of data that can be gleaned from this method can aid in combined
species/antimicrobial susceptibility identification (Figure 2) and optimise the
downstream analysis by indicating the presence or absence of characteristic

enzymes.

Chromogenic media typically function by dosing the culture media with a compound
that can be turned over by an enzyme carried by the target bacteria. Once converted
by the compound either generates a chromophore (i.e., gains a colour) or more
commonly an existing chromophore is altered (i.e., changes colour). For media that
is also species selective a combination of specific antibiotics and nutrients will be

added?® along with the chromogenic compound(s).
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Figure 2: Examples of chromogenic media for detection of antimicrobial-resistant pathogens that have
been reported in the last decade. (a) Purple colonies of Enterococcus faecium (carrying the vanB
resistance gene) and blue-green colonies of Enterococcus faecalis (carrying the vanA resistance gene)
on Brilliance VRE agar. (b) Extended spectrum beta-lactamase (ESBL) producing colonies of K.
pneumoniae with SHV-36 and CTX-M-9 enzymes (green colonies) and E. coli with CTX-M-9
enzyme (pink/blue colonies) on Brilliance ESBL agar. (c) K. pneumoniae (green colonies) and E. coli
(red colonies), both with OXA-48 carbapenemase, isolated on chromID OXA 48. (d) Carbapenemase-
producing K. pneumoniae with OXA-48 enzyme (blue colonies) and E. coli with NDM-1 enzyme
(pink colonies) isolated on Colorex mSuperCarba medium. Figure reprinted with permission Clin.
Microbiol. Rev., 2017, 30, 449-479 © Crown copyright 201722

As an example of how selective, chromogenic media can be clinically useful Perry et
al evaluated a prototype media (IDCd) for the identification of Clostridium difficile
from stool samples (Figure 3).%” C. difficile is a common cause of hospital acquired

infectious diarrhoea and known to be challenging to culture®.

16



Figure 3: Culture of C. difficile from a stool sample after 24 h of incubation on IDCd prototype
medium (left) and a non-chromogenic existing bioMérieux product, CLO medium (right). IDCd
prototype media showed C. difficile formed black colonies, compared to CLO medium plate shows
no growth.

This media enabled the successful selective growth of C. difficile and the inclusion
of an enzyme substrate that, when hydrolysed, generated highly visible black

colonies instead of the normal white colonies.

A novel, mechanistically distinct, method leveraging bacterial enzyme action via
doped culture media was shown by Ramirez-Guizar et al that used two enzyme
substrates, 2-amino-N-phenylpropanamide and 2-amino-N-(4-
methylphenyl)propanamide doped into Tryptone Soya Agar that could be turned
over by the enzyme L-alanine aminopeptidase, which is present in the cell wall of
Gram-negative bacteria.*® The product of the enzyme action generated the volatile
compounds aniline and p-toluidine which were detected by gas-chromatography
mass-spectrometry (GCMS). This was able to discriminate between Gram-positive

and Gram-negative bacteria with high accuracy across 22 different species.

17



1.1.2 Developments in Microscope Identification of Bacteria

Traditional brightfield microscopy has been a mainstay of clinical microbiology
since the work of Antonie van Leeuwenhoek in the late 1600s.** Subsequent
improvements in the resolving power of microscopes in combination with early
selective staining was fundamental in developing our understanding of bacteria and

their role in infections.*?

One of the earliest was the Gram stain developed in 1884 by Hans Christian Gram
which involves staining a sample with Crystal Violet followed by a safranin or
fuchsine counterstain.*® This allowed the classification of bacteria as either Gram-
positive or Gram-negative based on Crystal Violet binding to bacteria with a thick
outer peptidoglycan layer staining them purple, thus defining ‘Gram-Positive’.
Conversely, Gram-Negative bacteria have a hydrophobic lipopolysaccharide outer

membrane which inhibits this staining and are subsequently counterstained pink/red

(Figure 4).
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Figure 4: Representative image of a blood culture smear (Left). The structure of Gram-stain dyes
(Right) The highlighted features are characteristic of blood culture Gram stains, including (A) an area
of intense background staining, (B) an artefact from stain crystallization, (C) diffuse background
staining, and (D and E) individually resolved Gram-negative rods with (D) high contrast and (E) low
contrast compared to background. Reprinted with permission J. Clin. Microbiol., 2018, 56. Copyright
American Society For Microbiology %
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While classical stains tend to operate on the basis of direct interaction of the dye

compounds with biological structures interesting research developments focus on

separating the targeting of a stain from the chromophore element (Figure 5).* This

has enabled the variety of bacterial labelling probes to expand, adding new

capabilities both in colours/wavelengths of the chemical optical labels (e.g.

fluorescence or absorbance based) but also to include inorganic labels such as

nanoparticles.*® Equally expansion of the targeting agents through this approach

enabled techniques such as: immunostaining®’ where antibodies are used for binding,

molecular targeting*® where small molecules such as antibiotics bind specific

elements and, enzyme targeting*® where the agent is a substrate for a specific

enzyme.

Traditional

¢

Stain

Staining

o\

Direct interaction with target

Molecular Imaging

-

.

Signalling element
Fluorophore .
Chromophore .
Nanoparticles .
Etc.

Labelling Conjugate
2;1 Optional spacer Z
Targeting element
Immunostaining

* Eic.

Molecular targeting

Enzyme substrates

e

Targeted interaction
with defined elements
of target

J

Figure 5: Diagram of traditional staining approach (Top) where the staining compounds interact
directly with the target compared to the 'Molecular Imaging' approach (Bottom) were the targeting
and labelling are separated, either conjugated together directly or through an optional spacer (e.g.
short PEG chain). This combined labelling conjugate then binds to the target through the targeting

element, localising the labelling element along with it.
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There is a broad field of research focused on compounds using molecular targeting
for fluorescent microscopy. For example, Baibek et al*® used a combination of
antibiotic-conjugated fluorophores to label Fungi, Gram-negative and, Gram-positive
bacteria (based on the antibiotics amphotericin B (AmB), Polymyxin B (PMX) and
Vancomycin (Van) respectively) that were co-cultured together (Figure 6). Confocal
fluorescence imaging was able to use the three different fluorophores Cyanine-5
(Cy5), Nitrobenzoxadiazole (NBD) and, Merocyanine (MeroCy) respectively) to

separately detect each microbe selectively.

PMX-NBD Van-MeroCy AmB-Cy5*

) e,

Méfge with iariéht field . Merge*

Figure 6: Multiplexed imaging of a fungi and bacteriaConfocal microscopy images of a live co-
culture of fungi (C. albicans) with Gram-positive bacteria (S. aureus in blue) and Gram-negative
bacteria (E. coli in green). The bacteria and fungi were co-incubated for 1 h at 37 °C with AmB-Cy5
(10 uM in red) and the Gram-positive bacteria probe Van-MeroCy (1 uM) and Gram-negative
bacteria probe PMX-NBD (5 uM). Scale bar 10 um. For imaging, the cells were simultaneously
excited at 488 nm, 561 nm and 633 nm with emission detected in three channels. Reprinted from
Chem. Commun., 2021, 57, 1899-1902 under the CC-BY-NC licence.*

The level of clarity in these images compared to a tradition stain such as Gram-
staining highlights how molecular imaging is a powerful tool for microscopy-based

detection of complex biological specimens.
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1.1.3 Novel Method for Bacteria Detection — Mass Spectrometry

Mass spectrometry has become an increasingly powerful clinical tool with
advancements in equipment and techniques in recent years allowing methods like
matrix-assisted laser desorption ionisation (MALDI) mass spectrometry.> MALDI
was developed in the mid-1980s°? and uses organic compounds (commonly organic
acids such as sinapinic acid) to form a matrix that strongly absorbs laser energy
around large, hard to ionise analytes, such as proteins or even whole bacteria®
(Figure 7). The ability to ionise components within clinical samples provides access
to a large amount of complex mass data, which can be analysed for markers
indicative of specific bacteria and metabolic by-products directly or through

bioinformatic / proteomic analysis techniques.>**

lons generated

. Laser energy @ - To mass detector
Dry mixture @
onto sample plate

Illlllllllllllﬂ

Culturing and isolation

Mix with matrix

Patient sample
Matrix

y

Analyte —~ \ZZLLZZZZZZ77777) JPiate

Figure 7: The process for MALDI-MS detection of a sample. Samples can either be sourced directly
from patient samples or go through pre-treatment such as culturing to isolate a ‘pure’ sample. The
sample is mixed with the matrix compound and dried onto a sample plate. This plate is loaded into the
instrument and hit with a laser to ionise the matrix/sample. The ions are transferred to a mass detector
such as a time-of-flight.

Lau et al investigated the application of mass spectrometry to the identification of
clinically significant strains by analysing 67 clinically isolated bacteria that were

‘difficult-to-identify’ phenotypically.>® The isolates were analysed using a ‘direct
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transfer method’ where whole cells were deposited onto the sample plate and mixed
with an HCCA (a-Cyano- 4-hydroxycinnamic acid) matrix solution. They showed
that MALDI paired with time of flight (TOF) mass analysis was able classify 45% of
isolates to the species level with 30% identified at the genus level. The remaining
samples were either misidentified (6%) or could not be classified (19%). They
concluded that MALDI-TOF was technically capable as an analytical technique for
bacterial detection/classification and that with improvements in data analysis and
comparative databases, accuracy could be improved even among less common

species.

Mass spectrometry is most reliable when applied to ‘pure’ bacterial samples such as
colonies isolated after culturing of a clinical sample as this excludes issues of
contamination and simplifies data analysis. However, methods to analyse patient
samples directly have also been developed as shown by Ferreira et al that performed
direct detection of pathogens (E. coli, E. faecalis, and P. aeruginosa) from urine
samples.®” They were able to show reliable detection across 235 samples when
bacteria concentration was >10° CFU/mL but below this concentration weak signal

to noise resulted in incorrect or no identification.

When targeted at a specific strain of bacteria MALDI-TOF can also be used to
provide detailed analysis beyond just species and genus. Reil et al used the
commercial extended SARAMIS™ MALDI-TOF system in the analysis of C.
difficile aiming to classify isolates based on their ribotype (a phylogenetic identifier
based on the 16S ribosomal RNA) which can be useful in tracking the spread of
strains of interest (i.e. strains with high virulence).®® Their analysis of 355 C. difficile
samples was able to be validated to correctly identify the three most common
ribotypes encompassing 80% of all samples.
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While mass spectrometry is a powerful technique it is not universally available.
Currently the widespread application of mass spectrometry has been slowed by the
high cost of equipment and the need to develop improved bioinformatics analysis

techniques.

1.1.4 Nucleic Acid Amplification

Through direct analysis of a bacteria’s genetic information, a wide variety of
properties can be identified and characterised. The key challenge to successful
analysis of genetic information was overcoming its low concentration which was
resolved by the discovery of the Polymerase Chain Reaction (PCR) in 1985 which
amplifies specific sections of the genetic information into detectable concentrations.
While bacteria could be characterised on the basis of their whole genome, full
genetic sequencing is slow and costly and not suitable in many application.>°°
Targeting specific genes by PCR is sufficient for species identification or giving

useful clinical information such as resistance profiles®?.

The techniques of PCR uses primers (20-30 bases long®?), in combination with
thermally stable DNA polymerases and free nucleoside triphosphates through a
specific sequence of heating and cooling cycles to amplify the DNA (Figure 8).%
Through careful selection of primers, specific characteristic genetic sequences, i.e.

targeting a specific species of bacteria, can be identified and amplified.

Species identification can be done through targeting highly conserved areas of the
genome such as 16S ribosomal RNA (part of cellular protein synthesis machinery)
and early work by Radstrom et al was able to distinguish between 28 different

species (133 strains) with high sensitivity and specificity % It can also detect markers
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of antibiotic resistance as shown by Yengui et al. who detected the eight most
frequent genes for beta-lactamase synthesis in E. coli and K. pneumoniae from urine

samples from patients suffering from urinary tract infections.%

/ Extension
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3 /f 3y 4— 5
X — .
2N
Primers
Nucleoside S f?f DNAD Primer Hybridisation:
tr\'phosphates double helix: 94-98°C 50-65°C
20-30 seconds 20-40 seconds Complementary chain
DNA Polymerase \ / \ / assembly 75-80°C
4 5’ to 3’ direction

\

KT\'me dependent on \ength/

Each cycle doubles DNA
E.g 30 cycles 230=1073741824 copies of a
single starting DNA copy *

Figure 8: The classical steps involved in the PCR: Denaturation where heat is used to denature the
double helix into two single strands, annealing is where primers attach to the single strands through
complementary binding and, extension is where the DNA polymerase builds the new complementary
strand from free nucleoside triphosphates. These steps are repeated depending on the desired amount
of amplification and the starting concentration of reagents. * DNA doubling calculation is a
theoretical maximum assuming 100% yield. Times and temperatures listed are for a generic method,
using thermostable Taq polymerase.

The degree of amplification of PCR is based on the number of cycles, with each
additional cycle resulting in a doubling of DNA content (assuming 100% vyield). This
makes it excellent for detecting the presence of very low amounts of bacteria in a
sample. However, this amplification approach is sensitive to contamination as even a
single contaminating fragment of DNA, could be amplified into a false positive

result,®® while in complex biological samples e.g. blood or urine, inhibitors to
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amplification can interfere, resulting in false negatives.®” Also the human body is
well able to fight low levels of bacterial infection such that the results from
amplification can be misleading, for example, low levels of Vibrio cholerae are
readily dealt with by the innate human immune system, and only become a problem

upon high levels of infection.%

While PCR alone only amplifies DNA it needs to be paired with a signalling system
to measure the outcomes of amplification. In its simplest form gel electrophoresis is
used to separate the fragments based on mass and successful amplification is

determined through a band appearing. Other methods, such as real time quantitative
PCR use fluorescently tagged primers or dyes that intercalate double stranded DNA,

with an associated reader to provide rapid results.®®-"*

As described PCR is clearly a powerful technique but the equipment requirements
and infrastructural overhead somewhat limits its reach outside of controlled
laboratory settings. However, there is a significant body of work focused on solving
these issues with a lab-on-a-chip / microfluidic approaches but currently these
approaches still require the involvement of external heating blocks and/or reader.”>"#

Park provides a comprehensive overview of developments in this area.”

25



1.2 Point-of-Care Diagnostics

As powerful as the developments in the discussed ‘traditional’ methods are, they
remain quite limited to laboratory-based diagnosis and in many cases specifically to
labs in highly developed countries. This limitation is the area in which point-of-care
assays can provide the maximum utility’®, providing diagnostic information in
settings where either laboratory methods take too much time (i.e., acute care) or in
settings where laboratory testing is not available at all either due to the cost of

testing or general inaccessibility (i.e., rural areas and/or less developed countries). ’’

Home/site B Home/site
/ \ Walk in
Acute Clinic
Ambul Laboratory General Care _Poc.
mbulance  dijagnostics Practice Diagnostics
Rural
Low Resource
areas )
Settings
Hospital
C Centralised
Care
c Large, fixed equipment
On Site \e *  Multiplex testing
a c Dedicated Lab space
5%
e
o +  Trained Operator
At Home . Portable equipment
c Some control over space
c Untrained Operator
c No / disposable equipment
c Instrument Free

Figure 9: An overview of the way that POC diagnostics can fit within the broader diagnostic
landscape. A) The applications of Lab-based diagnostics impacts a range of healthcare settings where
samples can be taken and submitted centrally for analysis. These settings can be interlinked but
require an advanced healthcare system and well equipped/funded laboratories. B) The settings for
POC diagnostics are significantly different to Lab-based settings and may or may not be performed by
a healthcare professional. C) Different healthcare setting can be categorised based on the scale and
thus the availability of equipment and personnel. POC diagnostics focuses mostly on the At Home
scale. Figure adapted from Anal. Chem. 2022, 94, 1, 26-4076
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POC as a term is sometimes applied quite broadly in the literature and is not strictly
defined. However, in 2003 the WHO published a set of criteria to describe ideal POC
tests - known by the acronym ASSURED (affordable, sensitive, specific, user-
friendly, rapid, equipment-free, delivered).>® In the time since the publication of
these criteria there has been a driving force in increasing interest, both research and
commercial, on the challenge of creating POC tests. This ideally should encompass
an entire system/method that runs from taking a sample from a patient all the way

through to a diagnosis/result.

However, many methods that are labelled as POC do not fit the ASSURED criteria
fully and only hit a subsection of the requirements. For example, the GeneXpert
system (endorsed by the WHO for the rapid detection of tuberculosis)’® which is
based on nucleic acid amplification, is frequently included in POC categorisations
but incurs significant costs (Instrument cost $17500 and between $2500-7000 just
for installation)®, requires trained personnel, and dedicated propriety
instrumentation to effectively use. While on a per-test basis ($10)"° it may be
considered cheap in western, developed, healthcare systems the additional overhead
costs and infrastructural requirements such as consistent electricity exclude it from

the affordable and user-friendly requirements.

Currently the most viable approach to POC tests that best fit the ASSURED criteria
is the lateral flow assay. These devices have already made a significant impact in
low-resource environments where lab-based health infrastructure is inaccessible due
to location, lack of infrastructure or cost.®! They have provided benefit in the
diagnosis of a range of notable diseases such as: COVID-1982-8% HIV®,

Tuberculosis®®, Maleria®’, Syphilis®e.
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A benefit of POC assays that are cheap and portable, which allow at-home diagnosis

of infection, is that they minimise societal stigma associated with getting tested. 8%

1.3 Lateral Flow Tests

The type of assay that best meets the ASSURED criteria is the lateral flow test. It
offers rapid results with acceptable sensitivity, detecting a range of biologically
relevant analytes. It requires no additional equipment and is generally cheap, costing
$0.10-$3.00 each.®® It saw widespread use as a first line of testing against the
COVID-19 pandemic, enabling at-home testing which made quarantine measures

based on real diagnosis easier.®

While the basic physical structure of a lateral flow assay requires only a separation
element (typically a nitrocellulose membrane) and a labelling and capture element
(most commonly antibodies and antibody-gold nanoparticle conjugates),® in a
commercial design additional elements are added to improve performance (Figure
10). This includes a sample dosing pad, a conjugate pad, and an absorbent pad.>® A
plastic housing case is used to contain the device and to apply pressure around the

strip to ensure efficient flow.

The assay ‘runs’ by adding a fluid to the sample pad, followed by a running buffer if
required. This is drawn up the device by capillary action, bringing the analyte
through the conjugate pad and into the testing area. In the testing area, made of a test
and control line, the analyte is bound by a labelling conjugate and captured onto the
test line. Additional, unbound labelling conjugate continues to flow through the strip
and is captured at the control line. The testing area generates a result which is either

interpreted visually or spectroscopically.%%
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Figure 10: The make-up of a typical commercial lateral flow testing device encased in a moulded
plastic housing (left).%® Each of the components is laminated together onto a backing card with each
section overlapping the next to allow fluid transfer up the device. Splitting the device in half (A — A”)
shows each component and its position in the device (top) and a diagrammatic representation for
clarity (bottom) Mass produced testing strips can be manufactured for between $0.10-$3.00 each.®!

The sample pad: serves two main purposes: to increase the volume of fluid that can
be analysed in the test and, to ensure even transport of the sample to the conjugate
pad. Typically, the sample pad is made from cellulose filters or a glass fibre mesh
with the option of doping in surfactants, buffers, or proteins. The sample pad can
serve a significant role in reducing the needs for sample pre-treatment. These
modifications are highly dependent on the specifications of the device and the fluids
intended to be sampled (e.g. blood, urine, nasopharyngeal swabs) and in many cases
there are commercially available sample pad options designed to handle most

common sample types.®’

The conjugate pad: contains a labelling conjugate made from the combination of a
signalling element (i.e., gold nanoparticles, quantum dots, latex beads) and a

targeting element (most commonly an antibody) and allows the analyte to mix
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uniformly with this conjugate before traveling through the nitrocellulose membrane.
The binding to, and thus labelling of the analyte with the labelling conjugate happens
at this stage. The conjugate pad is made of similar material to the sample pad with
greater focus on good flow properties so that the analyte is labelled and is released to
the nitrocellulose membrane consistently. Normally, the only major optimisation
concerning the conjugate pad is the concentration of the labelling conjugate dosed

onto it.%

Detection on nitrocellulose: As the labelled analyte flows from the conjugate pad it
must travel along the nitrocellulose membrane where it meets the test and control
lines. This is where the labelled analyte is captured and immobilised, concentrating
the labelling in a single position creating a visible result. The choice of nitrocellulose
as the membrane material is because antibodies (which are the most common
targeting element) are readily immobilised, while the exact binding mechanism is not
clear it appears to be primarily driven through strong hydrophobic interactions

between hydrophobic sections of the protein and the nitrate ester groups.®

While labelled analyte should be captured and concentrated at the test line, excess
unbound labelling conjugate flows over the test line and encounters another capture
element that binds the labelling conjugate creating the control line. The control line
acts as a check on the correct running of the test, showing both that the reagents
correctly ran through the test and that the test was stored/manufactured properly.
Incorrect storage could lead to a breakdown of reagents, especially when stored at
high temperature where proteins could de-nature, meaning the validity of the test is

called into question.*
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The absorbent pad: manages the flow through the device and absorbs any waste
fluid, indeed when using biofluids care must be taken to ensure that waste is
managed carefully, especially in the case when infectious material may be present.
Fluid from the absorbent pad will eventually diffuse back into the testing area,
therefore a design requirement is to determine for how long the test remains

readable. 100

1.3.1 Signal Detection / Enhancement

In lateral flow assays the labelling conjugate allows the specific recognition of the
analyte to become a detectable signal. Colorimetric signals are the simplest to detect
by eye as changes in colour are straightforward to interpret without any expert
knowledge. This is why the most common approach used in lateral flow tests it to
use gold nanoparticles (AuNPS) to provide a clear response as a red line. This is

discussed in greater detail in Chapter 4.

Whilst simple determination by eye and sensitivity increased through enhancement is
sufficient for a test where a simple pass/fail result is required there are a variety of
approaches to measure colorimetric responses quantitatively. Park provides a
detailed review of a range of readers both commercially available and research,
covering colourimetric, fluorescence, magnetic, photothermal and electrochemistry.
101 These readers enable new detection methods and can offer highly sensitive
quantitative analysis; however, this generally comes with significant additional cost

or equipment overhead.

Colorimetric results with AuNPs can be enhanced by the addition of sliver nitrate

and hydroquinone/citrate buffer to the test area, precipitating a layer of silver on the
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nanoparticles increasing contrast. This was shown by Bazsefidpar et al. who
developed a test for E. coli O157:H7 which achieved a limit of detection (LOD) of 2
x 108 CFU/ mL with standard AuNPs which was improved to 2 x 10® CFU/mL after

the silver enhancement procedure.%?

A key focus for the quantitative analysis of lateral flow assays in low-resource
environments has been the development of cheap smartphone-based detection
systems instead of more costly commercial detectors.?%1% jung et al developed a 3D
printed holder and app for smartphone-based quantification of a commercial lateral
flow test for E.coli 0157:H7.1% While the LOD was not improved compared to
standard tests (10%-10° CFU/ml) the advantage was that it was able to provide

quantitative results between 10* CFU/ml to 108 CFU/ml rather than only qualitative.

This approach can be expanded to include more advanced detection with Rajendran
et al. showing the smartphone detection of methicillin resistant S. aureus using PCR
with fluorescent primers on a lateral flow assay.%® Their 3D printed smartphone

holder included a cheap LED for excitation, with the total cost of the reader $26 and

achieving a LOD of 4.7 x 10° copies of DNA.

Binding Strategies: Sandwich vs Competitive

There are two binding formats that a lateral flow assay usually involves based on the
arrangements of binding elements at the test line: a so-called sandwich assay or, a

competitive binding assay.

Sandwich assays: more common in the analysis of larger molecules and proteins®®’
and works by having a pair of targeting elements binding an analyte ‘sandwiching’

it. On one side the labelling conjugate (AuNP-antibody conjugates for example) and
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on the other side is a second binding element fixed to the test area to capture the

analyte at the test line. (Figure 11).
Sandwich Assay

Signalling Element

Targeting Element .
— Control Capture element

Analyte

Solid Support
Test ca ptu re element TS TS TSI L TS (Nitrocellulose)
Positive Negative Control

Competitive Assay
Type 1 Type 2

fﬂ. 7 e

S SIS SIS S S Vfﬂ’/f/f/ﬂ/fﬁ

Positive  Negative Positive Negative

Figure 11: The possible layouts for a sandwich assay (top) and for competitive assays (bottom) as
used in lateral flow tests. The sandwich assay uses a labelled targeting element and a targeting
element to capture the analyte to the test line. Positive results yield a coloured test line. Competitive
assays can be classified into two types based on the positioning of the signalling element. Type 1
shows a competitive assay where pre-labelled analyte is present thus showing no colour when the test
analyte is present. Type 2 shows an assay where the bio receptor is labelled but the test line is made
from the target analyte.

Competitive assays: can be designed in two ways depending on whether the analyte
or antibody is labelled (Figure 11). They only require a single antibody to bind to the
analyte which allows the sensing of small molecules. In a type-1 competitive assay, a
pre-tagged analyte is synthesised and loaded onto the test prior to the sample

addition. An antibody or aptamer is typically immobilised in the testing area. When
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the sample is run there is a competition between the tagged and untagged analyte for
the available binding sites. In a type-2 competitive assay the antibody is tagged with
the visualising agent and loaded into the conjugate pad and the target epitope is fixed
to the test line. This means there is competition for the antibody between the fixed
analyte and the sample analyte. In both cases the signal generated from a competition
assay is the reverse of a sandwich assay with the intensity of colour on the test strip

decreasing with increasing analyte concentration.%

For comparison Frohnmeyer et al. used both a type 1 and 2 competitive assay format
assay for the aptamer based detection of cholera toxin, an 83 kDa protein produced
by the bacterium Vibrio cholera.'®® However, for detection of the comparatively
larger whole bacteria Yu et al. used a sandwich style lateral flow assay using

antibodies against the serogroups O1 and 0139. % (Figure 12)

Sandwich assay

Flow
Sample Pad f / Absorbent
Backing Card l ] Pad
Conjugate Test Control
Pad line line
Type 2 Competitive assay
Flow
Sample Pad mﬁ\bsorbent
Backing Card I I Pad
Conjugate Test Control
Pad line line

Figure 12: The generalised layout of components on a sandwich assay (top) and type 2 competitive
assay (bottom) design lateral flow test. The analyte is added in solution to the sample pad and flows
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through the test. The conjugate pad contains a labelled targeting element which binds to the analyte.
In a sandwich assay, the labelled targeting element — analyte complex is trapped at the test line
providing visible results while any excess labelled targeting element flows to the control line or is
washed into the absorbent pad. In a type 2 competitive assay, the test line contains the analyte and
will only trap the labelling conjugate when no analyte is present in the sample.

One disadvantage of sandwich assays comes from the ‘high dose hook effect’.11
This is an effect seen when a sandwich assay is over saturated with the target analyte
in excess of available targeting conjugate. This means that the untagged analyte is
free to flow ahead of the bulkier tagged analyte. The free analyte then saturates the
binding capacity of the testing area, blocking the tagged analyte from binding. This
results in a drop off in signal intensity at extremely high concentrations, a concern
when trying to design quantitative assays. Validation of sandwich type lateral flow
assays requires that an upper limit on concentration is determined, beyond which the

test is no longer valid.!*

Each of the main components described above are laminated onto a card backing
strip with a small overlap between them to allow flow along the assay from
component to component. The test and control lines made of the appropriate
targeting elements are printed onto the nitrocellulose and the labelling conjugate
dried onto the conjugate pad. The exact size and position of each of these elements
can vary based on the test and its optimisation. An interesting area of research and
development is the expansion of binders used in lateral flow tests to include

aptamers or novel, rationally designed compounds.
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1.3.2 Targeting Elements

Antibodies

The most commonly used targeting element in lateral flow tests are antibodies,
which are symmetrical Y-shaped glycoproteins with a molecular weight of
approximately 150 kDa generated by the immune system to bind a specific site on an
antigen (Figure 13). A single antigen can have many different such sites, known as
epitopes, which can be targeted by antibodies. They bind to an epitope through
highly specific non-covalent interactions at the antigen binding site. With a high
binding affinity between the epitope and the antibody they can be treated as highly

specific ligands for an analyte.
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Figure 13: A general structure for an antibody which is comprised of two principal areas, a heavy
chain (green) and a light chain (yellow). The variable regions (striped green and yellow) that bind to
an epitope.

As an antigen can have many different epitopes that antibodies can target, a
collection of antibodies is created in an immune response. These are known as
polyclonal antibodies, which all act against the antigen but can have varying
strengths of binding due to the differences in epitopes and the antibodies generated.

For research and development applications monoclonal antibodies are frequently
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used instead. These are antibodies for a single specific epitope, and therefore have a
single site binding affinity. This creates more consistent binding behaviour which is

useful for reliability and control of the process.

Antibodies are the most common targeting element for lateral flow tests with a range
of useful properties such as simple conjugation to nanoparticles, binding to
nitrocellulose membranes through hydrophobic interactions and their availability to a

range of bacteria.

Simple antibody-based lateral flow tests have been applied in the detection of
important bacterial strains such as: E. coli'?, Yersinia pestis !** and, Mycobacterium
tuberculosis''*. These assays achieve sensitivities in the 10*- 10° CFU/mL range

which can be sufficient for clinical use in many situations.

As antibodies are highly selective, lateral flow tests using them can be multiplexed to
simultaneously test for a number of bacteria at the same time. Zhao et al developed
an assay to detect 10 foodborne pathogens simultaneously using 10 parallel lateral

flow tests all fed from a common sample pad.*®

An interesting use case of antibody-based assays is in the development of tests
directed at measuring the immune response to a disease. For example, Huang et al.
describe the development of a competitive lateral flow assay testing for the presence
of human IgM antibodies against SARS-CoV-2 nucleoprotein in patient serum
samples.® This assay used anti-human antibodies conjugated to AuNPs and
achieved a sensitivity and specificity 100% and 93% respectively only requiring 10-

20 pL of serum for each test.
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Nanobodies

An alternative to using entire antibodies is the application of nanobodies. These can
be considered to be ‘just’ the variable region of a heavy-chain only antibody

(approximately 15 kDa fragments) isolated primarily from Camelids.

Nanobodies provide the same highly selective binding but also exhibit resistance to
heat and detergents. A particularly useful feature due to their smaller size compared
to “full” antibodies is that they can be efficiently produced through recombinant

methods.

For example, Maher et al developed a lateral flow test for the SARS-CoV-2 S1
antigen and compared the effectiveness of gold conjugates made with anti-S1
nanobodies to anti-S1 monoclonal antibodies.!!’” They used the same assay design
and manufacture, with the substitution able to improve the limit of detection by 4

fold across 320 patient samples.

Pinto Torres et al. specifically chose nanobodies over antibodies for their lateral flow
assay to detect active Trypanosoma congolense (a parasite that causes Animal
African trypanosomiasis) infections due to the lower non-specific binding compared
to host antbodies.'® As their aim was to identify animals with an active infection,
interference from the hosts own immune system could cause false negatives. They
were able to show that a nanobody based lateral flow test could achieve sensitive and
specific detection for the active infection and could also serve as a ‘test-of-cure’

assay.
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Aptamers

The most common alternative to antibodies are aptamers. These are short (40 mers)
single-stranded DNA (ssDNA) or RNA sequences which bind to target analytes like
an antibody. Aptamer sequences are identified through the ‘systematic evolution of

ligands by exponential enrichment’ known as the SELEX (Figure 14).11°
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Figure 14: The standard SELEX process for the production of aptamers against a specific analyte.
Additional steps such as a counter selection against non-specific binding can be added to further
refine the process. Successive selection cycles refine the SSDNA pool down from the initial library to
identify the best overall binders. Total number of cycles and the size of the initial SSDNA library can
vary depending on the application. Adapted from Biotechnology Advances, 33, 6, 2015, 1141-1161'%°

They have particular advantages over antibodies when applied in lateral flow tests.
They are synthesised, allowing targeting of non-immunogenic analytes, and can have

a broader range of stabilities to temperature and pH. Bauer et al comment on the
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advantage of the highly reproducible nature of synthetic aptamers when compared to
polyclonal antibodies that can frequently have poor batch-to-batch reproducibility or

experience genetic drift after multiple passages of the antibody producing cells.!?

They can be paired with the same signalling techniques as antibodies such as
conjugation to nanoparticles and are readily conjugated to a variety of chemistries.!??
Aptamers have been used in POC bacteria detection assays across a range of species
with a high sensitivity.1?® However, while aptamers can replace the binding ability of
antibodies in assays, they do not always interact with the nitrocellulose membrane of
a lateral flow test in the same way as they are much smaller and do not experience
the same hydrophobic interactions to bind them to the membrane. Often this issue is
circumvented by pairing an aptamer labelling conjugate with an antibody capture

element.

Ellipilli et al developed an aptamer based lateral flow test for SARS-CoV-2 targeting
the spike proteins, comparing AuNP-aptamer conjugates produced through direct
thiol attachment vs a streptavidin-biotin system.*?* They paired these aptamer
labelling conjugates with an anti-SARS-CoV-2-S2 antibody as the capture element.
They showed that this combination of aptamers and antibodies within the same test
was able to achieve highly sensitive detection and potentially allow the rapid
iteration of labelling aptamers to respond to mutations in the virus while keeping a

more broadly binding capture element.

Lu et al developed an aptamer-based lateral flow test for the combined detection of
S. typhimurium, E. coli and S. aureus with LOD of 10° CFU/mL, 10* CFU/mL, and
10* CFU/mL respectively.*® This used 6 aptamers, three with terminal thiol groups

for addition to AuNPs and three with terminal biotin groups. These terminal biotin
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molecules were used to attach the aptamers to the nitrocellulose through a
Streptavidin-Biotin interaction, using the hydrophobic interaction of Streptavidin (a

66kDa protein with high affinity for biotin'2%) to anchor onto the strip..

Aptamers can also be paired with a range of reporters as shown by Bruno who used
aptamers against E. coli, L. monocytogenes, and S. enterica and compared AuNPs
with fluorescent quantum dots to achieve LODs of 10* CFU/mL and 10 CFU/mL
respectively.'?’ The aptamers were bound to the AuNPs and quantum dots through
Streptavidin-Biotin interactions and fixed to the nitrocellulose by UV

crosslinking.1?8

1.4 Application of bacteria testing in healthcare

Understanding how these bacteria detection methods can be applied in the context of
healthcare in the United Kingdom specifically can be done with reference to the
National Institute for Health and Care Excellence (NICE) guidelines. These
guidelines provide decision flow-charts to doctors that can aid in the clinical
evaluation of disease and the prescription of antibiotics (Figure 15).3° For example,
when treating a patient presenting with a sore throat a flow chart can be used to
select between a range of outcomes between doing nothing all the way up to referral

to hospital.
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Figure 15: NICE flow chart for the treatment of patients presenting with sore throats highlighting the
different antibiotic outcomes that are possible. Reproduced from NICE guideline [NG84] under the
NICE UK Open Content Licence.?®

A key feature of this particular guidance is that for a relatively low-risk issue such as

a sore throat, antibiotics are often prescribed on the basis of signs and symptoms

without any bacterial testing at all. At this level, simply identifying if the infection is

bacterial or viral would be clinically useful, with the identification of exact bacterial

species becoming more relevant in hospital settings and more severe infections.

Introducing any level of testing here could help support clinical decision making and

reduce the over prescription of antibiotics for non-bacterial diseases.

With this in mind, each of the discussed detection methods (Lateral flow, Mass Spec,

PCR and, Culturing) can be loosely categorised based on four key properties (cost,

speed, sensitivity and, selectivity) that could influence their application in such a

situation (Figure 16).
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Figure 16: Comparison of four bacterial testing methods on the basis of four categories that can
influence their application in healthcare settings. Cost refers to the overall cost of implementing the
technique (including equipment) not just the per test cost. Speed refers to the time to result from
taking a sample from the patient. Sensitivity refers to the limit of detection that the technique can
achieve, and selectivity refers to the technique’s ability to discriminate between species of bacteria.
Each of techniques offers a different range of characteristics but of particular interest
for this project was the low cost and high speed of lateral flow tests. While
traditional lateral flow immunoassays offer a moderate degree of discrimination
between bacterial species, for an application such as seen in the ‘sore throat scenario’

a less selective (i.e. more broad) test could be used to rapidly determine if an

infection was bacterial in nature.
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2 Aims and Objectives

The aim of my PhD thesis was to develop a small molecule-based sandwich assay
style lateral flow test that can detect Gram-negative bacteria. To achieve this the
component parts of a lateral flow test: a recognition element that selectively binds
Gram-negative bacteria a signalling element (based on AuNP’s) and a capture

element were developed.

A chemical probe based on the Gram-negative selective antibiotic Polymyxin was
utilised. For detection, the aim was to modify Polymyxin to allow functionalisation
of AuNPs while additional functionality was developed to fix Polymyxin to the
nitrocellulose membrane to allow for the capture of bacteria through streptavidin-

biotin anchoring.

These elements were then combined into the lateral flow format, paired with a 3D
printed, low cost, smartphone-based imaging system for characterisation/

optimisation.
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3 Synthesis of Bacterial Binding Ligands

Antibodies and aptamers currently used in lateral flow systems for bacterial
detection tend to be highly selective for specific strains of bacteria.!?>3%132 This is a
product of their selection that directs the identification of ligands with target
elements (often undefined) on the bacteria.33-1% These highly selective ligands are
useful when designing an assay for a known pathogen, but in many cases it would be
useful to have an assay that is more general; such as Gram status determination, or

bacterial/fungi differentiation to direct immediate therapy.*¢:13/

The design of ligands for a novel lateral flow test can be based on compounds that
have known binding affinities for bacteria. Antibiotics such as Polymyxin B are
relatively low cost, manufactured at scale and offer a scaffold for a range of potential
assays. Here, a range of ligands targeting Gram-negative bacteria were prepared

based on the antibiotic Polymyxin B.138.139

3.1 Polymyxin

Polymyxins (Figure 17) are a class of antibiotics isolated from Paenibacillus
polymxa that were discovered in the 1940s and introduced into the clinic in the late
1950s and 60s. Thirty-seven naturally derived variations of the polymyxin structure
are known and Polymyxin B and E were identified as the least nephrotoxic.14%:14!
Clinical use declined from the 1970s as cases of neuro- and nephrotoxicity became
widely reported.'*2 However, there has been revived interest in them over the last 20
years as increasing cases of multi-drug resistant P. aeruginosa, A. baumannii and K.

pneumonia have needed to be treated despite the associated risks.*®
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Figure 17: Structure of two clinically relevant polymyxins B1 (top) and E2 (bottom) showing the
structural similarities and differences in the aliphatic tail and the substitution of a Phe residue with

Leu. From the numbered amino acid positions, the main variable positions across the polymyxin types

are 3, 6, 7 and 10. The most conserved amino acids are primarily L-Dab residues which provide the
charges required for the electrostatic interaction between polymyxins and Lipid A. At physiological

pH the amines will be largely protonated.

Polymyxins specifically interact with Lipid A (Figure 18), a constituent part of the

lipopolysaccharide (LPS), present in the outer membrane of Gram-negative bacteria.
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Figure 18: The mechanism by which Polymyxin's interaction with the outer membrane of Gram-
negative bacteria results in the disruption of cell integrity and inhibition of NDH-2. 1) The structure
of an unmodified Gram-negative outer membrane. 2) The binding of Polymyxin to Lipid A displaces
the Ca®* and Mg?* ions and the aliphatic tail intercalates with the hydrophobic areas of the membrane.
3) Stability of the membrane is disrupted and structurally fails. 4) The failed outer membrane allows
access to the inner membrane where NDH-2 action is disrupted. Adapted from ‘Polymyxin
Antibiotics: From Laboratory Bench to Bedside’ by Li et al. Springer Cham 2019 44
Permeabilizing this outer membrane causes the collapse of bacterial integrity and is
the primary mode by which polymyxins kill bacteria.}** There is also evidence that
polymyxins might also act on bacterial respiration by inhibiting the action of
NADH-menaquinone oxidoreductase (NDH-2) present in the inner membrane of

Gram-negative bacteria.}*
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Studies have shown that two key structural motifs are conserved across the different

Polymyaxin structures that drive their mode of action:

¢ Initial long-range interactions with the LPS and displacement of divalent
cations are mediated through the 5 x diaminobutyric acid (Dab) residues (the
free -NH3 " groups binding to the phosphates in Lipid A).

e Shorter range hydrophobic interactions with the acyl chains of Lipid A are
controlled by the residues in positions 6 and 7 paired with the hydrophobic

chain on the amino terminus.146

The key importance of these hydrophobic interactions is shown by the removal the

hydrophobic tail from Polymyxin B (Figure 19).14
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Figure 19: Cleaving the hydrophobic tail and terminal Dab residue (red) of Polymyxin B1 to produce
Polymyxin B nonapeptide (PMBN) with papain in aqueous conditions.

The in vitro activity of this truncated Polymyxin B was reduced 64 fold against E.
coli and P. aeruginosa and 32 fold against K. pneumonia.'*® Interestingly, despite
reduced antibacterial activity, binding still increased the permeability of the outer
membrane’#?, sensitizing bacteria to combination therapy with other antibiotics.'*
The truncated cyclic peptide also showed minimal nephrotoxicity indicating that the

hydrophobic tail is a key promoter of renal toxicity. >

Mechanistic understanding of the structure-function relationship has been further

explored by the synthesis and analysis of analogues of Polymyxin. Reviews provide
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a comprehensive overview of Polymyxin derivatives covering substitutions,
modifications and deletions of amino acids.#¢1%2 Many modifications result in
inactive compounds, largely because the focus has been on modification of the Dab
residues and substitution of the hydrophobic tail, key functional elements in the
mode of action. However, some modifications are able to improve activity such as
those shown by Cooper et al. who investigated a range modifications and showed
that altering the residues at positions 6/7 (Figure 15) to give increased
hydrophobicity, increased activity against resistant bacteria but at the expense of

increased nephrotoxicity.'*

Li et al. explored modification and replacement of the hydrophobic tail, Thr-2 and
Thr-10 residues through solid-phase peptide synthesis (SPPS) and semisynthetic
methods. Their modifications showed that analogues that replaced the Thr residues
with more hydrophobic ones improved the MIC and altered the selectivity of the
antibiotic towards different bacterial species depending on the substitution pattern

(Figure 20). ™4
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Figure 20: Structure-activity relationship explored through modification of the hydrophobic tails (R1),
Thr-2 (R2) and Thr-10 (R3) residues. Reprinted with permission from Li et al. J. Med. Chem. 2021,
64, 9, 5746-5765. Copyright 2021 American Chemical Society.

Beyond investigations aiming to improve Polymyxin’s abilities as an antibiotic, there
have been a range of applications of Polymyxin as bacterial targeting/detection
probes. Early work by Schindler et al. used Dansyl chloride to randomly

functionalise Polymyxin B for subsequent fluorescent microscopy studies®®® but

resulted in a complex mixture of isomers all with different binding abilities.

As the understanding of polymyxin has grown, functional applications of polymyxin
have been expanded to include selective fluorophore addition**81°6:157 incorporation
into polymers'®315° and addition onto nanoparticles.'® These applications have often
followed semi-synthetic approaches, involving modification of the tail rather than

addition/modification of the Dab residues.

As mentioned above, Polymyxin has been used in bacterial labelling applications
through direct functionalisation with a fluorophore.**® A different approach is to

separate the labelling and binding processes, and perform a secondary labelling
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similar to the use of secondary antibody-enzyme conjugates in enzyme-linked
immunosorbent assay(s) (ELISA).1* Among the most commonly used pairs for

secondary labelling approaches is the use of streptavidin-biotin'?®

and the following
section describes the nature of this interaction and the modification of polymyxin

with biotin.

3.2 Streptavidin — Biotin

Streptavidin and Avidin are proteins with an extremely high binding affinity for the
small molecule biotin (vitamin B7) with a dissociation constant (Kj) on the order of
101 M and this interaction is highly resistant to temperature, pH and

detergents/surfactants. 162

kOTL
Equation1  Streptavidin + Biotin = [Streptavidin — biotin complex]
Kofr
. k St Bioti
Equation 2 Kp = off — [ re.p][. totin]
kon [Strep—biotin complex]

The kinetic constants of protein binding for the streptavidin-biotin pair are reported
in literature, with the dissociation constant (K,) being a measure of the ratio of the
backwards and forward rate constants for the binding event or the ratio of [X][Y]/[X-

Y],

This high binding affinity was originally measured through a radiolabelled biotin
assay by Green giving a K, of 10"%> M for a single binding site with a k,,, of 10’ M-
'stand a k, s, of 10® s between pH 5 and 7.1% These kinetic parameters have

since been investigated with a variety of methods such as Reed et al. measuring the
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kinetics on a silicon nanowire biosensor and reporting similar values with a k,,,, =
5.50 +0.08 x 10 M s™and ak, sy = 3.10 + 0.07 x 107 s* resulting in a K, of 5.6
x 1014 M. Edel et al. used a FRET based microfluidic system and reported a k,,,
in the range of 3.0 x 10°— 4.5 x 10" M s 11 Harris et al. used a single-molecule
imaging system and reported values of: k,,, 0f 2.1+0.5 x 10®M™ s*and a k,¢f 3.8

+0.5 x 10*s? resulting in a K, of 1.8 x 10712 M. 166

These properties have meant that the pair are widely used for tagging and labelling
targets of interest.’®” Kulomaa et al. provided a comprehensive review of the
properties of a range of (strept)avidins and genetically modified variants for specific

applications.16®

Applications of the binding pair have spanned a wide range of fields such as:

ELISA® self-assembled monolayer surface bound sensors 179172 and as part of a
detection method in lateral flow tests. For example, Zhao et al. developed a lateral
flow assay using an E. coli O157:H7 targeting antibody functionalised with biotin,

captured by streptavidin immobilised on the test line (Figure 21).17
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Figure 21: Design of an E. coli detecting lateral flow test from Zhao et al. 1) A biotinylated antibody
was added to the sample pad and bound to the E. coli. 2) Gold nanoparticles labelled with anti-E. coli
0157 Mab were also added to the conjugate pad and attach to the E. coli complex from 1. 3) The
complete E. coli-complex is captured by streptavidin in the test line area through the pendant biotin.
4) A second antibody complementary to anti-E. coli 0157 Mab captures the AUNP complex from 2 to
provide a test line.

A different application of the streptavidin-biotin system was shown by Cho et al.
using a combined biotin-AuNP-antibody conjugate as the detection agent and adding
streptavidin conjugated with horseradish peroxidase (HRP) as a secondary detection
conjugate (Figure 22). On the addition of a 3,3’,5,5'-tetramethylbenzidine (a
substrate for HRP), enzymatic turnover generates a blue colour that enhances the

detectable signal from 10° CFU/mL to 10> CFU/mL."
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Figure 22: Design of the signal amplification strategy used by Cho et al. based on the binding of
streptavidin-biotin allowing the capture of HRP to the test line and turnover of TMB. Images of
strips:(a) detection with biotin-AuNP conjugate (b) detection with secondary streptavidin-HRP
conjugate reproduced from Int. J. Food Microbiol., 2015, 206, 60-66 with permission from Elsevier'’

While streptavidin-biotin is typically treated as a near-covalent binding system
Holmberg et al. showed that the interaction can be broken through heating at 70 °C
in water, theoretically allowing the reuse of assays based on streptavidin coated

surfaces.!’

Many commercially available biotinylation kits provide biotin with a range of spacer
lengths and moieties, but there is not a general optimal spacer length for the
streptavidin-biotin interaction. Hamblett et al. showed, using a polyethylene glycol

(PEG) spacer system, that increasing the spacer length from 29 A to 40 A improved
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binding of biotin dimers to streptavidin because of greater distance between biotins
and increased flexibility of the spacer.}’® Anastasiadis et al. used aminocaproyl
spacers when optimising binding between biotinylated non-ribosomal peptides
Gramicidin A and Avidin and showed that increasing the spacer length improved
binding specifically by reducing steric hindrance.}’” However, maximising spacer
length was not always optimal as Rosenthal et al. showed that a biotinylated poly(N-
isopropylacrylamide) functionalised surface performed better using a PEG3 spacer

rather than a PEG23 spacer.1’

Aims

The aim of this part of my PhD was to carry out the selective functionalisation of
polymyxin B to create compounds that could both bind to Gram-negative bacteria
and to a labelling element such as gold nanoparticles. To achieve this, synthesis of
selectively protected Polymyxin B nonapeptide on a suitable scale to provide a core
building block was required (Figure 23). Each target compound needed to be bi-
functional, with the Polymyxin B nonapeptide providing specific binding towards
Gram-negative bacteria and, extending from the N-terminus, functionality for the
addition of a labelling element such as biotin for binding to streptavidin or thiols for

gold attachment.
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Figure 23: Retrosynthetic scheme for the synthesis of selectively functionalised polymyxin B with the
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selectively protected polymyxin B nonapeptide.
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3.3 Synthesis of the Boc, Protected Polymyxin B Nonapeptide

The synthesis of a Bocs protected derivative of PMBN (2) over two synthetic steps’
is reported in literature. In the first step the hydrophobic tail of Polymyxin B is
cleaved through the action of the cysteine protease papain (Scheme 1). The enzyme
is known to cleave after residues such as arginine and lysine that are preceded by a
hydrophobic residue.*® In this application, the aliphatic tail directs the enzyme to
cleave after the terminal Dab residue resulting in 2 and the cleaved ‘Tail-Dab-OH’

fragments (CF1 / CF2 due to the Polymyxin mixture used).

s
H
OH Ox _NH o
o ) NH,
~\\H H\)’k
S HN
H,N HoN Y NY
7 o 6 = H
,,,Hk B NH \ NH Y HN" o
NN
N NH, N
Oy _NH Oo NH, S NH,
H H H ' 0
R N N HN _— > HO
N
H H
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BIR=H |/ ™ NH N N0

B2R=CH d
3 NH; NH; o N Cleaved Fragments from Polymyxin B1 and B2
e NH;
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Scheme 1: Synthesis of PMBN 2 through the enzymatic cleavage of a mixture of Polymyxin B1 and
B2 (1) i) Papain, H,O/toluene, 55 °C 18 h.

The enzymatic action of papain proceeds optimally at slightly elevated temperatures
and, under the conditions previously reported,*3® conversion to PMBN was
confirmed by liquid-chromatography mass-spectroscopy (LCMS) (Figure 24). Due

to its high solubility in water, there was poor separation between Polymyxin B and 2
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under standard reverse phase high performance liquid-chromatography (RP-HPLC)
elution conditions but the disappearance of the mass corresponding to Polymyxin B

mass and the loss of the ‘tail’ in the LCMS was used to confirm cleavage.
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Figure 24: Mass spectrometry before (top) and after (bottom) Papain enzymatic cleavage of 1.
Disappearance/reduction of mass peaks at 595.5 / 651.5 m/z and at 397.4 / 402.0 m/z (corresponding
to the B1 and B2 isomers) and the appearance of 2 at 963.5 m/z indicated a successful reaction. A
residual peak of polymyxin B2 was still present.

The literature reports Boc protection using 1-(Boc-oxyimino)-2-phenylacetonitrile
(Boc-ON)*! to provide selective protection of the Dab residues over the amino

terminus (Scheme 2), the rationale being due to the greater steric hindrance of, and

lower electron density at, the terminal Threonine amine residue.*®?
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Scheme 2: Synthesis of PMBN-Bocs (3) after the enzymatic cleavage of the hydrophobic tail with
papain. i) Boc-ON, EtsN/H,O/Dioxane 1:1:1 ratio, 23 °C 4 h, 1-47% yields.

Within the literature, yields from this reaction vary from 22 %38 to 64 %'
however, replicating this reaction proved challenging. The literature method used 5
equivalents of Boc-ON and then quenched the Boc addition reaction with ammonia
after 20 minutes stopping the reaction after the addition of 4 Boc groups, yielding the
desired PMBN-Bocs (3), and before the addition of the final 5" Boc group, resulting
in fully protected PMBN-Bocs. The oxime by-product being mostly removed during
the precipitation step with Diethyl ether. The result of this reaction was initially a

complex mixture of PMBN-Bocn with different levels of protection. It should be
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noted that, assuming that the amine of the terminal Threonine does not react, the
product of the first Boc addition (PMBN-Boc:) corresponds to four products
different regio-isomers, while the product of the second addition (PMBN-Bocz)

similarly corresponds to six products.

Multiple attempts at this reaction resulted in crude reaction mixtures that showed a
>80% conversion to the desired PMBN-Boc4 by evaporative light scattering
detection (ELSD)-HPLC but with a significant proportion of the four possible
PMBN-Bocsisomers and some unreacted starting material. The structural similarity
of the multiple PMBN-Bocz products and the desired PMBN-Bocs resulted in poor

separation under a range of column chromatography conditions. This included:

e Screening stationary phase media e Solvent Conditions
o Normal phase Silica o Variable Gradient Elution
o C-18Silica o Isocratic Elution
o Basic Alumina o Amine solvent additives

o Neutral Alumina

Elution under reverse phase HPLC conditions showed the polymyxin products in
order of increasing protection level (Figure 25-1), with each of the Boc additions
identified by LCMS (see Experimental). The sharp peak at 4.9 minutes (Peak C) was
identified to be the desired PMBN-Bocs product however, this peak overlapped with
the by-product 2-(Hydroxyimino)-2-phenylacetonitrile (Oxime) which had a strong
absorbance at 254 nm (all the polymyxin derivatives have little absorption at this

wavelength).
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Figure 25: Analysis of the reaction (5 equiv. of Boc-ON) after quenching the reaction after 20 minutes
with methanolic ammonia and the resulting analysis by RP-HPLC (ELSD) (1). The same reaction
analysed by RP-HPLC (254nm) (2). TLC analysis eluting 10% MeOH/DCM (3).

1) Elution order via RP-HPLC A) Overlapping starting material and PMBN-Boci; B) Multiple
PMBN-Boc;.3 isomers occur over the marked region; C) The majority of this peak is the
desired PMBN-Boc, overlapping with residual Oxime by-product (see 2); D) Boc-protected
cleaved fragments; E) Fully protected PMBN-Bocs.

2) RP-HPLC signal detected at 254 nm showing a single intense peak of the residual Oxime by-
product (the difference in retention time between the ELSD and UV detector is due to
instrument lag time).

3) TLC analysis: The Oxime is visible under 254 nm illumination, while all other spots required
staining/heating with ninhydrin.

Normal phase TLC separation showed the Oxime by-product (highest Rf) followed
by the Boc-protected cleaved fragments (CF-Boc) eluting, (distinguishable by UV /
ninhydrin staining) followed by the most to least protected PMBNSs. However, while
separation between the totally protected PMBN-Bocs and PMBN-Bocsis was clear,
there was a lack of separation between PMBN-Bocsz and PMBN-Bocs with these
compounds giving a long streak on the TLC plate. The least protected PMBN
compounds were mostly retained at the baseline even when significant amounts of

methanol were used in the eluent (4:1 DCM/MeQOH).

To tackle these issues, a gradient elution was used to try and increase separation. The

conditions are reported in Table 1 focusing on a 2-10% gradient. Increasing the
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gradient to 15% (Purification B) resulted in a small increase in recovery but with a
noticeable contamination with the oxime by-product). At high column loadings (in
combination with higher polarity elution), the Oxime was prone to streaking

throughout the column.

Table 1: Column conditions used for the purification of the PMBN Boc protection products following
the literature method of synthesis (and the yields of pure PMBN-Boc, isolated). *Column purification
was performed on Biotage Isolera system. Yield determined by the mass of pure 3 isolated from
column fractions.

Purification Column Conditions PMBN-Boc;4 Yield (%)
A 2-10% DCM/MeOH 9
B 2-15% DCM/MeOH 10
C 2-10% DCM/MeOH 7
D* 2-12% DCM/MeOH 2
E 2-10% DCM/MeOH (1 %Et3N) 3
F 15% DCM/MeOH 0
G 2-10% DCM/MeOH 6

Across a number of repeated purifications (Table 1) of the literature synthesis crude

reaction mixture, the isolated yields of PMBN-Boc4 were not improved significantly.

Modifications such as purification on an automated column chromatography system
(Purification D), isocratic elution with a higher polarity solvent system (Purification
F) or the addition of 1% Et3N in the eluent mixture (Purification E), all resulted in

extremely low isolated recoveries. The mean average yield from these methods was

8 % which was insufficient for the project.

After the poor yields seen in reactions D-F, the column from Reaction G was flushed
with 100% methanol confirming that there was no degradation or capture of
compounds on the silica. The primary issue related to streaking/mixing of PMBN-
Bocas yielding a large proportion of mixed fractions, and this led to different

stationary phase media being investigated.
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Table 2: Alternative column stationary phase media explored to try and improve the yield of 3.
TReverse phase separation in H was performed on a Biotage Isolera system. *Yield calculated after a
subsequent normal phase separation to fully remove the oxime contamination (DCM/MeOH 2-10%)

PMBN-Boc;, Yield /

Purification Column Type Column Conditions %
H C-18 Silica’ 95-5% H,O/MeCN 13*
I Alumina Basic 2-10% DCM/MeOH 0
J Alumina Neutral 2-10% DCM/MeOH 0
K Alumina Basic 0-2% DCM/MeOH 0

Reverse phase separation (C-18 Silica) was explored due to the good separation of
PMBN-Bocs fractions under analytical RP-HPLC methods. Due to the scale, this
was performed on a Biotage Sfar C18 60g column. While the isolated yields were
higher than on normal phase silica, co-elution of the oxime and PMBN-Bocs (Figure
23) was particularly noticeable. However, a final yield of 13% was achieved after a

subsequent normal phase column (65 mg).

Alumina showed an interesting effect wherein the order of elution reversed with
respect to normal phase silica. However, with similar elution conditions to the silica
columns (Purifications I, J) the compounds eluted off the column so rapidly that
there was little to no separation between them. Elution at low percentages of
methanol (Purification K, 0-2%) resulted in a slower elution and still resulted in

large overlap between each compound.

In summary, exploration of different purification conditions was not able to bring
yields in line with published methods. The key issue was the poor separation
between PMBN-Bocs and the multiple PMBN-Bocsz isomers. This prompted further
exploration of the synthesis method to see if control over the crude reaction mixture
could be improved. Specifically, as the separation between PMBN-Bocs and PMBN-

Bocs was significantly cleaner than between PMBN-Bocs and the 4x PMBN-Bocs
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isomers, the aim was to push the reaction as far as possible to completely remove

PMBN-Bocs while minimising loss of yield to over protection to PMBN-Bocs.

3.3.1 Optimisation of Reaction Conditions

Two experiments were designed to help provide more data on how the Boc
protection reaction worked and thus select more optimal conditions for the reaction.
These reactions compared the reactivity and selectivity of Boc-ON and Boc
Anhydride (Boc20) as reagents and the reactions were tracked by RP-HPLC over

time.

3.3.2 Analysis of Boc-ON

To investigate the progression of the reaction over time a total of 6 equivalents of
Boc-ON as a 1.3 M solution in dioxane was dosed via syringe pump at a rate of 1.5
equivalents/hour into the reaction. To track progress, 100 pL aliquots were taken for
HPLC analysis every 30 minutes over 4 hours. Each aliquot was subjected to the
work up as per the original method, (quenched with methanolic ammonia and the

product precipitated with diethyl ether).

The slow dosing of Boc-ON was chosen because it lowered the effective
concentration of Boc-ON in the reaction solution, with the aim of improving the

preference to attach to the less sterically hindered Dab amines.
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Figure 26: RP-HPLC analysis (ELSD) of the evolution of PMBN Boc protection reaction over time as
Boc-ON was dosed via a syringe pump. The HPLC shows starting material peaks (green shading).
The region showing PMBN-Boc,-3 is shown in orange shading. The evolution of PMBN-Bocs and
PMBN-Bocs is seen in the highlighted peaks at 4.9 and 6.5 minutes, respectively. The peak
corresponding to the Boc protected cleavage fragments (CF-Boc) is highlighted at 5.6 minutes. To
track progress, 100 uL aliquots were taken and subjected to a mini-work up (quenched with
methanolic ammonia (4.0 M solution, 500 pL), evaporated to dryness then re-dissolved in 200 puL
methanol before precipitation with cold Et20 (500 uL). The collected precipitate was dissolved in
300 pL of 1:1 H,O:Acetonitrile.

From the stacked HPLC traces (Figure 26) it can be seen that the reaction proceeds
almost sequentially with starting material and PMBN-Boc; peaks in the 1-2-minute
elution region, then further converted PMBN-Bocz-3, shown in the 3—4-minute
elution region. This appears as a range of overlapping peaks, probably due to the
different possible structural isomers. As the reaction proceeds, the major product
peak of PMBN-Bocs can be seen rapidly forming at 120 minutes, with a maximum at

150 minutes before decreasing in size in favour of a peak at 6.5 minutes

corresponding to PMBN-Bocs.
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Each peak in the HPLC spectrum (with ELSD) (Figure 26) was manually integrated

to track the changing composition of the reaction mixture over time (Figure 27).
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Figure 27: Comparison of changing composition of the reaction mixture (Boc-ON/Syringe pump
reaction) over the course of the reaction as Boc-ON was added. Selection of the HPLC peaks for
integration was performed manually and plotted as a percentage all the peaks in the trace. Peak
integrations at < 2% (i.e. PMBN-Bocs at 150/210 minutes) were close to background indicating that
complete reaction of PMBN-Bocs may not have been able to be determined under these measurement
conditions. The integration of peaks assigned to the PMBN-Boc; isomers were combined for clarity.
Peaks were assigned based on LCMS analysis.

From this analysis it was calculated that the formation of PMBN-Bocs was 73% after
150 minutes when 3.75 equivalents of Boc-ON had been added under these syringe
pump conditions. Only a minimal degree of over-protection had occurred at this
stage (2% PMBN-Bocs). There was some remaining PMBN-Bocs present, but this
was completely removed/reacted after the 180 minute (4.5 equivalents of Boc-ON

added) although this led to incurring an increase in PMBN-Bocs (2 to 12%). The

crude reaction mixture yielded by the published method (5 equivalents and
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quenching at 20 minutes) was most similar to the 120 — 150 time point analysis from

this study.

3.3.3 Analysis of Boc Anhydride

The Boc protection of PMBN with Boc anhydride was also investigated under the
same conditions for comparison. The primary aim being to see if selectivity could be
matched and, the issue of the Oxime by-product avoided. The reaction showed a
similar initial evolution of compounds with rapid conversion of starting materials to

the PMBN-Boc; and PMBN-Boc: isomers and protected cleaved fragments at 5.5

minutes.
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Figure 28: RP-HPLC analysis with ELSD of the evolution of the PMBN Boc protection reaction over
time as Boc,O (5 eq) was dosed via a syringe pump. The HPLC regions showing starting material and
PMBN-Boc; isomer peaks are shown in green shading. The region showing PMBN-BoC,.3 is shown in
orange shading.

After 120 minutes it can be seen that conversion to each of the PMBN-Bocx isomers

occurred in parallel rather than sequentially (Figure 28). It was also noted that the
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peak shape for each PMBN-Boc species appeared to be split into more peaks than
seen on the Boc-ON time study, possibly suggesting that there may be more isomers

of each species forming.

Conversion to PMBN-Bocs peaked at 45% (Figure 29) after at minutes, although
there was still 24% of the PMBN-Boc:-3 isomers and the Bocs peak was split. As the
reaction proceeded the proportion of PMBN-Bocs decreased, increasing the

proportion of PMBN-BoCs.
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Figure 29: Comparison of changing composition of the crude reaction mixture over the course of the
reaction as Boc,O was added. Integration of HPLC peaks was performed manually and plotted as a
percentage of all the peaks in the spectrum. The integration of peaks assigned to the PMBN-Bocs and
PMBN-Boc. isomers were combined for clarity. Peaks were assigned based on LCMS analysis.
Ultimately this showed that even with slow dosing of Boc2O to try and control the

selectivity of the Boc protection of PMBN, Boc-ON vyielded a greater proportion of

the desired PMBN-Boca.
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The outcome of these two time-dose studies suggested that an optimal reaction
mixture for purification would be achieved by dosing a total of between 4 and 4.5
equivalents of Boc-ON into the reaction, with the final dose being controlled by

monitoring the disappearance of PMBN-Bocs by RP-HPLC with ELSD.

3.3.4 Optimisation of Column Purification Conditions

With this additional control over the crude reaction mixture, silica gel purification of
PMBN-Bocs was revisited. The addition of a base to the elution solvent was explored
to improve separation between PMBN-Bocs and PMBN-Bocs now that the
proportion of PMBN-Bocz in the reaction crude was suppressed by altering the
reaction procedure. Therefore, the column conditions used included 1%
trimethylamine or ammonia. Ammonia (in methanol) made TLC visualisation

simpler due to its lower boiling point permitting staining with ninhydrin.

Table 3: Column conditions for the purification of the modified PMBN Boc protection reaction
(Reactions B-G). Reaction A used the original literature method and is included for comparison. All
separations were run on a Biotage Isolera automatic column system except where indicated (*). ** In
reactions E — G, the column size was 100 g with an 8 g dry load. In the case of E, the purification was
split into two runs of 5 g each and the products combined afterwards.

PMBN-Bocs Yield

Reaction Scale /g Column Conditions /%
A* 1 2-10% DCM/MeOH (1% Et3N) 3
B 0.5 12% DCM/MeOH (1% EtsN) 14
C 0.5 2-20% DCM/MeOH (1% NHs3) 44
D 5 2-20% DCM/MeOH (1% NHs) 29
E 10 2-10% DCM/MeOH (1% NHs3) 37
e 5 2-10% DCM/MeOH (1% NHs) 47
G** 5 2-10% DCM/MeOH (1% NHs) 39

Comparing these reactions to Reaction A (the original literature method) large
improvements in yield were found. Starting with small scale tests of the modified

method (Reaction B and C), an isocratic elution was compared to a gradient elution
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with a yield improvement of 30 percentage points primarily due to a reduction in the

oxime streaking into later fractions.

Scaling the reaction up to 5 g of 2 resulted in a reduced yield. Due to the columns
being run on the Isolera system the column sizes and diameters were fixed, both 0.5
g reactions were columned using a 2 g dry load on a 25 g column resulting in a 1:50
ratio of crude reaction mixture to column silica. Increasing to 5 g scale (Reaction D),
the column size was only increased to 50 g with a 4 g dry loading which resulted in

streaking and poorer separation.

3.3.5 Optimised PMBN Boc Protection Reaction

The combined optimisation of the reaction and purification conditions resulted in a
robust/practical method that allowed the production of the required PMBN-Bocs core

on scale.

Key was that the addition of an excess of Boc-ON (5 equiv.) was reduced to between
4-4.5 equiv. with HPLC monitored addition until the proportion of PMBN-Bocs was
at a minimum. The major modification was the addition of ammonia to the column
eluent to reduce streaking. These optimisations improved the consistency of the
reaction and increased isolated yields of pure PMBN-Bocs giving an average of 39%
over 5 independent reactions (Reactions C-G, Table 3, total combined mass obtained

was 9.4 g).
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3.4 Synthesis of Polymyxin-conjugates

3.4.1 Lipoic acid-PMBN

The rationale behind this compound was to allow binding of polymyxin onto the
surface of gold nanoparticles due to the high Au-S affinity (see Chapter 3), while
maintaining its bacterial binding affinity. Lipoic acid coated gold nanoparticles have
been reported in literature and here Lipoic acid was chosen to introduce a sulfur

containing moiety into the compound.

Firstly, (R)-(+)-a-Lipoic acid was activated with N-Hydroxysuccinimide (NHS)
using EDC as the coupling agent to synthesise the Lipoic acid NHS ester (4)
according to a literature procedure.' This activated carboxylic acid was readily
reacted with the free amine of PMBN-Bocs under basic conditions yielding the Boc-

protected Lipoic acid functionalised polymyxin (5) (Scheme 3).
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Scheme 3: Amide coupling between Lipoic acid and Boc-protected polymyxin, and its subsequent
deprotection. i) PMBN-Bocs 0.9 eq, DIPEA, DCM, 4 hours, 81%. ii) 20% TFA in DCM, 30 minutes,
quantitative.
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The Boc-protected intermediate 5 was purified using normal phase column

chromatography with the final deprotection step, using a 20% solution of TFA in

DCM, giving a quantitative yield of compound 6. The deprotection led to a sticky oil

of the final compound 6 as a TFA salt. High resolution mass spectrometry of 6

showed that the disulfide bond of Lipoic acid had remained intact during the

synthesis (as anticipated). The application of 6 to AUNP binding was investigated in detail

in the following chapter (see Chapter 4).
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Figure 30: Analysis of compound 6 by RP-HPLC (ELSD) and HRMS. HRMS (ESI+) calc.
Cs1HgsN12012S; m/z = 1151.6064, found m/z = 1151.6060 [M+H]* confirming the Lipoic acid

disulfide bond remained intact.
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3.4.2 Biotin-Polymyxin Conjugates
A polymyxin-biotin conjugate (Biotin-PMBN, 9) was generated through amide bond

formation using a biotin N-hydroxysuccinimide active ester.

o NH H HN o
o] © gNHs o ) NWNH
},NH H cl o 5 3C|®
R o
NH : HO'

Scheme 4: Synthesis of biotinylated PMBN using Biotin-NHS. i) DCM, DIPEA, 18 h, 55% ii) 4M
HCI, Et,0, quantitative yield

The Boc-protected intermediate 8 was isolated in 55% vyield after normal phase
column chromatography and deprotected with either a solution of TFA in DCM, or
with a 4M solution of HCI in dioxane. Both methods resulted in complete
deprotection of 8. However, TFA deprotection yielded a sticky viscous oil of 9 while
during the HCI deprotection 9 precipitated out of solution as a white solid. As the
choice of deprotection method impacted neither the yield nor the purity of the final
compound deprotections were performed with HCI in dioxane. This would change
the counter ion present in the final product but was deemed unlikely to affect the
final application(s).18
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Figure 31: Analysis of compound 9 by RP-HPLC with ELSD and HRMS analysis. LCMS showed a
minor peak at 9.9 minutes which was identical to the major peak at 10 minutes. HRMS (ESI+) calc.
Cs3HssN16013S1 m/z = 1189.6510, found m/z = 1189.6503 [M+H]+.

3.5 Testing and Validation of Biotin Conjugated PMBN

3.5.1 Labelling E. coli with Fluorescent Streptavidin and Biotin-PMBN

©)

The dual binding of 9 to bacteria and streptavidin was investigated. E. coli were

labelled through sequential incubation with 9 (giving a biotinylated outer membrane

surface (Expanded view Inset Figure 32)) and, then the iFluor 555-streptavidin

conjugate (henceforth ‘streptavidin-555).
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Figure 32: Overview of the method used to label bacteria with a combination of the Biotin-PMBN
conjugate and fluorescently labelled streptavidin. Insert shows probe binding onto the bacterial
surface. a) Bacteria were incubated with 9. b) Incubation with streptavidin-555 c) Attachment onto
poly-D-lysine coated microscope well plate for confocal imaging
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Figure 33: 1) Confocal laser scanning microscopy images of E. coli: Top bright field; Bottom:
fluorescence. A) E. coli untreated and imaged;). B) Labelling of E. coli with 9 (50 uM) for 1 hour,
washed and imaged; C) Labelling of E. coli with Streptavidin-555 (20 pg/mL) for 30 minutes then
washed and imaged; D) Labelling of E. coli with 9 (50 uM) for 1 hour. Bacteria were then washed
and treated with Streptavidin-555 (20 pg/mL) for 30 minutes. Bacteria were washed again and
imaged. Scale bar 10 um. Excitation A, = 561 nm; Emission A.,,= 570 - 600 nm.

2) A comparison of bacteria fluorescence intensity in images C and D as calculated by ImageJ, Fiji. A
total of 15 area samples were taken for bacteria and background to provide averages for analysis.
Error bars were calculated from the standard deviation in the signal intensity. Significance tested with
Bonferroni's Multiple Comparison Test to a confidence of p < 0.05
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Image analysis of the control labelling experiment (Figure 33 - 1C) showed a
fluorescent signal from streptavidin-555 non-specifically binding to both the E. coli
and the polylysine coating on the microscope slide wells. The addition of Biotin-
PMBN 9 to bacteria followed by the addition of streptavidin-555 (Figure 33 - 1D)
did not show any significant fluorescence above background control seen in C
(Figure 33 — 2). While optimisation of the labelling process, such as the inclusion of
additional blocking steps could have been performed, the low overall fluorescence
and the lack of distinction between the test and control experiments prompted a re-

examination of the ligand binding.

Validation of Streptavidin-Biotin-PMBN Binding

The lack of labelling suggested that the dual binding (E. coli — [PMBN — Biotin] —
Streptavidin-555) was not functioning so the binding between 9 and streptavidin was

investigated.

A colorimetric binding assay based on 4'-hydroxyazobenzene-2-carboxylic acid
(HABA) was performed. In this assay,*8® HABA weakly binds to the binding pocket
of streptavidin, with tautomerisation (Figure 34) leading to the generation of a peak
in the absorbance spectrum at 500 nm. This tautomerisation was confirmed in
literature by Strzelczyk et al. using X-ray crystallography to show the binding

geometry in the avidin binding pocket.®
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Figure 34: Tautomerisation of HABA triggered by the binding to Strept(avidin) which manifests as a
change in the UV-Vis absorbance spectra.

When HABA is displaced from the binding pocket the absorbance at 500 nm is
reduced. The relative weak binding (K, = 12.2 + 0.3 x 107° M) of this dye
allows it to be completely displaced by biotinylated compounds*® and by monitoring
the reduction in absorbance at 500 nm, the degree of HABA displacement and

thereby biotin binding, can be quantified.

The aim was to determine if 9 could access the streptavidin binding sites without the

cyclic heptapeptide sterically interfering with the binding (Figure 35).

PMX-Biotin/Streptavidin

Complex
HABA/Streptavidin Complex
Potential steric clash
Reducing Abs @500nm
Polymyxin-Biotin Displaced HABA

Figure 35: Representation of the streptavidin binding assay with the bound HABA being displaced by
Biotin. This displacement is characterised through the reduction in absorbance at 500 nm. This assay
allowed the determination of whether a potential steric clash between the PMBN and streptavidin
would interfere with the displacement of HABA by the biotin in 9.

To a test solution of the streptavidin-HABA complex (7.4 uM streptavidin, 0.3 mM
HABA) 9 (50 uM) was added and equilibrated (and compared to the same assay
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performed with unmodified Biotin at the same concentration (50 M) for reference).
The resulting colour change was measured, and the reaction quantified through the

change in absorbance at 500 nm (Figure 36).
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Figure 36: Comparison of the absorbance at 500 nm of the HABA-Streptavidin complex before and
after the displacement of HABA with Compound 9 or Biotin. There was no statistically significant
difference between Compound 9 and Biotin (n =3). Significance tested with Bonferroni's Multiple
Comparison Test to a confidence of p < 0.05.

Both displacement experiments (9 and Biotin) showed near instantaneous colour
changes from orange to yellow, that were confirmed through UV-Vis measurements.
This showed that the binding between 9 and streptavidin was possible and that the
lack of binding seen in the bacterial labelling experiment was not caused by steric

hindrance blocking access to the streptavidin binding site.

The most likely explanation was that while binding between 9 and streptavidin was
possible in solution, the two binding events were rendered mutually exclusive when
on the bacterial surface, perhaps due to steric issues introduced by the bacterial

surface chemistry.
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3.6 Synthesis Biotin-Ahx-PMBN

Since literature supports the introduction of spacers to address steric hindrance, this
approach was explored to provide additional steric clearance between the two
binding events. The initial investigation focused on introducing a 6-aminohexanoic

acid (Ahx) Ce spacer to give 12 in three steps.

j( W":,.Hk
H?NHjLNH OH (o] NH H/?/NH N
H [¢]
S HM < H\)L HN
W N N
o H o H

HSPyU Activation Mechanism

Scheme 5: Synthesis of PMBN-Cg-Biotin. i) HSPyU, DMF, DIPEA, 4 hours, RT. ii) PMBN-Boc. (0.9
equiv.), microwave heating 80 °C, 3 hours. iii) HCI 4M, Dioxane, 4 hours, 10% yield over 3 steps.
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Biotin-Ce (10) was converted to the NHS ester using HSPyU with the formation of
the NHS ester confirmed by HPLC. Following this, PMBN-Bocs was added, with the
reaction completed in one-pot. 3 and 10 were soluble in DMF at elevated
temperatures, so the reaction was carried out with microwave heating (80 °C) until
conversion was complete. The temperature was constrained due to the lability of Boc

groups above 100 °C.1#°

Poor solubility impacted the purification of the product and as such the Boc-
protected compound was not isolated. As with 9 it was found that HCI deprotection
was preferable to TFA deprotection as the resulting hydrochloride salt was easier to
handle. After deprotection, 12 became water soluble allowing separation by

preparative RP-HPLC.
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Figure 37: Analysis of compound 12 by RP-HPLC with ELSD (top) and HRMS (bottom).
HRMS(ESI+) Calculated m/z = CsgH100N17014S1 = 1302.7351, Found m/z = 1302.7373

3.6.1 Comparison of E. coli Labelling Between 9 and 12

To investigate if the addition of a Cs linker improved the labelling of bacteria,
fluorescent labelling of E. coli was repeated comparing 9 and 12. Labelling
concentrations were maintained but the streptavidin-555 concentration was reduced

to try and lower the background signal.
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Figure 38: 1) Confocal laser scanning microscopy images of E. coli, bright field (top) fluorescence
(bottom). A) E. coli treated with Streptavidin-555 (10 pg/mL for 30 minutes); B) Labelling of E. coli
with 9 at 50 uM for 1 hour, followed by the addition of Streptavidin-555 (10 pg/mL for 30 minutes).;
C) Labelling of E. coli with 12 at 50 uM for 1 hour, followed by the addition of Streptavidin-555 (10
pg/mL for 30 minutes). Scale bar 10 um. Excitation A,, = 561 nm, Emission A.,,= 570 - 600 nm.

2) Bacteria fluorescence intensity comparison showing the improved labelling effectiveness 12 as
calculated by ImageJ, Fiji. A representative sample of 15 areas were taken for bacteria and
background to provide average intensities. Error bars were the standard deviation in the signal
intensity. *P < 0.05 between A-B and C. There was no significant difference between A-B
(significance tested with Bonferroni's Multiple Comparison Test).

Confocal fluorescence microscopy showed that the additional steric clearance in 12
allowed specific labelling with streptavidin-555. The fluorescence signal from the E.
coli control and E. coli incubated with 9 (Figure 38 — 1 A/B) were close to
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background, whereas E. coli labelled with 12 (Figure 38 — 1 C) showed 5 times

greater corrected total cell fluorescence over the E. coli control and 12 times increase

over bacteria incubated with 9 (Figure 38 -2).

Overall, this showed that there was a significant increase in labelling efficacy

through the addition of the spacer, suggesting that a steric clash between the PMBN

binding and the streptavidin-biotin binding was the issue with 9.

3.6.2 Labelling Concentration Effect on Off-Target Labelling

With a view towards the adaption of the polymyxin-biotin binding assay towards a
lateral flow test, the concentration dependence of the labelling was investigated.
Additionally, an aim of this probe was to be able to distinguish between Gram-
negative and Gram-positive bacteria, hence limiting off-target labelling was

important.

The concentration of 12 was varied between 0 and 50 pM with Gram-negative E.

coli and non-target Gram-positive B. subtilis.
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B. subtilis

)

Figure 39: Confocal laser scanning microscopy images of E. coli (left) and B. subtilis (right), bright
field (left) fluorescence (right). E. coli and B. subtilis were prepared in PBS at 0.5 OD from overnight
cultures. Labelling with 12 (0 - 50 uM for 1 hour) was followed by the addition of Streptavidin-555
(10 pg/mL for 30 minutes) — with washing via centrifugation after each incubation step. Scale bar 10
pm. Excitation Ao, =561 nm Emission A.,,=570 - 600 nm. The background (B. subtilis, 50 uM) is
due to residual Streptavidin-555 bound to the poly-D-lysine plate and does not correspond to bacteria.
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Fluorescence images showed increasing signal with concentration, though the
difference between 10 and 50 uM was small and with an increased background
(Figure 40). The background labelling was not necessarily an issue for the lateral
flow application however, and it is worth noting that there were diminishing returns
beyond 10 uM. At all concentrations there was essentially no off-target-labelling of
B. subtilis which was in line with the imaging seen with the fluorescent probe NBD-
PMX 38 At 50 pM there was some additional binding of residual streptavidin-555 to

the poly-D-lysine plate, but this did not correspond to labelled bacteria.
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Figure 40: A comparison of E. coli fluorescence labelling intensity across the concentration range
shown in figure 37 as calculated by ImageJ, Fiji. A representative sample of 15 bacteria and 15 areas
of background were taken in each fluorescence image to provide averages for analysis. Error bars
calculated from the standard deviation in the signal intensity. *P < 0.05 between 50-10 pM. No
significant difference between 10-25 uM and 25-50 uM was observed. Significance was tested with
Bonferroni's Multiple Comparison Test.
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Results showed that strong labelling was possible at 10 uM and background was
lower than 25 or 50 uM. The variance in signal strength of bacteria at 10 uM
warranted further investigation to see if labelling at this concentration was time
dependant, this was also important as the planned application of the probe is in

lateral flow test where speed of detection is vital.

3.6.3 Incubation Time Optimisation Biotin-Ahx-PMBN (12)

E. coli was initially incubated with 12 for different times (1 — 60 mins) before being

washed and the streptavidin-555 added for 5 minutes before another washing step.

The washing steps (pelleting bacteria via centrifuge and replacement of supernatant)

resulted in a minimum contact time of 1 minute between 12 and the bacteria.

Confocal images (Figure 39) showed labelling of E. coli across all time points and,

the reduced incubation time with streptavidin appeared not to strongly effect the final

labelling of the bacteria.
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Figure 41: Confocal laser scanning microscopy images of E. coli which was prepared in PBS at 0.5
OD from an overnight culture. Labelling with 12 at 10 uM for the indicated time prior to washing via
centrifuge pelleting resulting in a consistent 1 minutes of contact time between 12 and the bacteria for

all samples, Streptavidin-555 (10 pg/mL for 5 minutes). Scale bar 10 um. Excitation A, = 561 nm,
Emission A,,,= 570 - 600 nm
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The labelling of the bacteria appeared to be strong, and even rapid labelling (i.e. 1
minute incubation time), however the proportion of bacteria in the imaging area that
were strongly labelled was low (compare bright field and fluorescence). As the
incubation time increased the maximum fluorescence of an individual bacterium
increased slightly but the key feature was that the overall proportion of stained

bacteria increased.
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Figure 42: A comparison of E. coli fluorescence intensity across the incubation time range shown in
figure 41 as calculated by ImageJ, Fiji. A total of 15 area samples were taken for bacteria and
background in each fluorescence image to provide averages for analysis. Error bars calculated from
the standard deviation in the signal intensity. *P < 0.05 between time intervals. Significance tested
with Bonferroni's Multiple Comparison Test.

The total fluorescence increased 2-fold as incubation increased from 0 - 60 mins.

However, the standard deviation highlights the variability between bacteria, some of

which are strongly labelled and some weakly labelled at incubation time <30
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minutes. At 60 minutes all the bacteria present in the field of view were strongly

labelled showing a greatly reduced standard deviation.

The combination of microscopy experiments showed that probe 12 with streptavidin-
555 selectively labelled Gram-negative bacteria rapidly at 10 uM but that labelling is
more intense and with lower standard deviation with increased concentration and
increased incubation time. This labelling essentially biotinylates the surface of the

bacteria which would be used in the development of a lateral flow assay.
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4 Functionalised Gold Nanoparticles for Lateral Flow
Assays

Colloidal gold nanoparticles (AuNPs) have been used in a wide range of biological
applications taking advantage of the many unique properties seen at the nanoscale
that are not seen in the bulk material. This includes their strong absorbance of
specific wavelengths of light, tuneable by controlling particle shape and size
(including aggregation) which gives the particles a strong absorbance/colour which
has been applied in a range of sensors (such as lateral flow*® assays). This
absorbance has also be used for photothermal therapy where the absorbed energy
results in highly localised heating and has been explored as a possible treatment for

tumours (thermal ablation).*®!

An important property of AuNPs is their ability to bind thiol containing molecules
due to the nature of the Au-S bond. This enables the facile attachment of biologically
relevant compounds to their surface, as seen in their application as drug delivery
vehicles'®? where proteins!®, DNA and, chemotherapy agents'®® are attached to

the AuNPs to facilitate increased uptake of these drugs to the diseased tissue.

In my PhD | applied the properties of AuNPs to allow the attachment of polymyxin-
based compounds to AuNPs to allow bacterial targeting and then use their strong

colour for sensing/reporting on a lateral flow test.

4.1 Optical Properties of AUNPs

The strong absorbance of visible light by gold nanoparticles arises from the surface

plasmon reasonace (SPR) phenomenon.!®® SPR occurs due to the interaction of
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electrons on the nanoparticle collectively interacting with electromagnetic radiation
and oscillating (Figure 43). This collective movement of a cloud of electrons is
similar to a plasma which, when described in terms of a single quantum of
movement, is the basis for the name plasmon (i.e. ‘plasmon’ is a portmanteau of

‘plasma oscillation”).’

Localised Surface Plasmon Resonance

Electron cloud (yellow)
bound to the particle

Incident surface is excited by
Light incident light at a well-
defined wavelength A and
" oscillates. A quantum of
- - this “plasma oscillation”
b A is defined as a “plasmon”

Longitudinal and Transverse Absorbance

Anisotropic particles such as gold nanorods
exhibit two SPR peaks based on the axis of

excitation
Excitation of electrons
across the thinner
longitudinal axis (h)
using a shorter
< »
h wavelength A,
“«—>
A

Excitation across the
wider transverse axis (W)
using a longer
wavelength A,

Figure 43: The interaction of light with the localised surface plasmon of gold nanoparticles gives rise
to strong absorbance relative to the particles shape and size. The anisotropic nature of nanorods gives
rise to separate transverse and longitudinal resonances.
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This effect is not seen in bulk material as the electromagnetic radiation can only
excite electrons at the surface and at the nano-scale the radiation can polarise the

electrons across the entire particle.

As this effect is based on an osciallation of the electron cloud it behaves in a similar
fashion to the oscillation of a spring. The effect is therefore highly specific to
defined wavelengths of light with a frequency in resonance with the osciallation.
This means that the exact wavelengths of light that resonate with the electron cloud
depends on the shape and size of the particle (Figure 44). Larger particles experience
a larger oscillation and therefore absorb strongly at longer wavelengths.1%
Anisotropic particles such as gold nanorods show two SPR peaks depending on the
direction of the oscillation.%®2% This effect can also be influenced to a degree by the
surface coating of the particle which alters the dielectric environment at the

surface.?0!
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Figure 44: Overview of the change in AuNP absorbance properties caused by shifts in the SPR with
increasing size. A) Image of citrate stabilised gold nanoparticle solutions with particles sizes of: | — 12
nm, 11 —28 nm, Il — 45 nm, IV — 63 nm V- 85 nm as determined by TEM. B) Representation of the
relationship between increasing particle size and change in colour. C) UV-Vis measurement of the
SPR peak normalised to 1 OD. Reproduced from Nanomedicine Nanotechnol. Biol. Med., 2017, 13,
1531-1542 Creative Commons CC-BY license — Elsevier 2%

4.2 Functionalisation of Gold Nanoparticles

As mentioned before, another key property of gold nanoparticles that makes them
well suited to many biological applications is their compatibility with surface
functionalisation. If the nanoparticles are made with a weakly binding stabilising
agent such as sodium citrate, a substitution reaction can be used to add functionality
to the particle relying on the greater binding affinity of the target ligand for the gold

surface.
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Attachment of ligands, both small molecules and large biomolecules, is classically
achieved through a thiol-group which has a high affinity for the gold surface.?%
While the exact nature and strength of the Au-S bond on AuNPs is somewhat
debated?®* it is generally understood to be a strong (i.e. near covalent) interaction.?%
Inkpen et al. recently showed, using a scanning tunnelling microscope ‘break-
junction” method, that the Au-S bonds seen in self-assembled monolayers,
particularly when derived from dithiol precursors, are physisorbed in nature rather

than chemisorbed.2%

A common alternative method specifically for the attachment of large biomolecules
and polymers is to rely on the broadly non-specific electrostatic/hydrophobic
interactions between biomolecules and the nanoparticle surface. One concern with
this non-specific addition is the lack of orientation control, relevant to biomolecules
such as antibodies where there are specific regions like the antigen binding site that
need to remain accessible to maintain their function. If orientation is not controlled a
percentage of the attached antibodies would have their binding sites ‘face-down’ on

the surface of the AuNP instead of facing out into the solution.

An example of this orientation control was carried out by Oliveira et al. (Figure
45).297 They attached an antibody to AuNP’s with controlled orientation via covalent
coupling to a mercaptoundecanoic acid spacer and compared it with the non-
controlled physisorbtion addition to nanoparticles and analysed the amount and

orientation of the attached antibodies.
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Figure 45: A comparison of conjugation techniques for the addition of antibodies to a gold
nanoparticle. Physical absorption resulted in a higher loading of antibodies, but a lower proportion
were correctly oriented for binding — as determined by complementary antibody binding. Image

reproduced from Sci Rep 9, 13859 (2019). Creative Commons CC BY license. 201

They characterised the binding through the addition of an anti-Fab Alexa Fluor 750
secondary antibody. They showed that while a higher total loading could be achieved
through physisorbtion, controlled covalent attachment resulted in a higher proportion

of the attached antibodies being in the correct (binding) orientation.

4.3 Synthesis

There are a range of common and robust synthesis methods for colloidal gold
nanoparticles, the key method relavent for this project being that of Turkevich

(1951)?% which was later refined by Frens (1973)%%,

This method uses a precursor gold salt (HAuCl,) as the source of gold ions and a
chemical reducing agent to convert the Au'"' down to Au® atoms which start to gather

together to form particles. A capping agent coats the surface of the newly forming
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particles stopping their continued growth. The Turkevich/Frens method uses

trisodium citrate as both the reducing and capping agent.

4.3.1 Turkevich / Frens Method

The standard experimental procedure for this synthesis involves heating an aqueous
solution of HAuUCIj4 (typically 0.1 — 0.5 mM) to boiling point before the rapid
addition of an aqueous trisodium citrate solution (typically 2 — 4 mM).2% The
addition of the trisodium citrate triggers the formation of the nanoparticles and the
solution’s colour transitions in a characteristic pattern from the light yellow (of the

HAUCI4 solution) to grey/blue before turning red.?*°

The process of Au'"' reduction with trisodium citrate to stable citrate capped AuNPs
in the Turkevich / Frens method happens over a number of steps and the exact
mechanism has been the subject of debate since Turkevich’s first publication. An
overview of the current best understanding of the mechanism is provided by

Wouithschick et al?!! based on real-time x-ray scattering spectroscopy methods.?2:213
The proposed mechanism occurs in four steps (Figure 46):

1. Reduction / formation of clusters
2. Formation of seed particles
3. Slow growth on seed particles

4. Fast growth on seed particles

In the first step, the introduction of a reducing agent (trisodium citrate) triggers the
formation of clusters of Au®from Au'". These clusters continue to grow and clusters
themselves can join together, to give seed particles (>1.5 nm). The remaining

remaining Au"" ions are attracted to the electric double layer that is formed at the
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surface of the seed particles and remain there as co-ions. These co-ions are reduced
and incorporate onto the surface of the existing seed particles in two stages, first

slowly then in a final rapid stage.

Reduction / Formation Formation of Seeds Growth of seed particles
of clusters

— \ = W = -

_ - AYC - @ O © o
AuCl, DSl
20 o ©

Figure 46: Illustration of the formation of gold nanoparticles via citrate mediated chemical reduction
showing the stages of seed formation, seed growth and stabilisation of full particles. Figure adapted
from reference ACS Nano 2015, 9, 7, 7052—7071%'* Copyright © 2015 American Chemical Society
Control of the particle size is based on the ratio of Au precursor to trisodium citrate
as this controls the number of seed particles that are formed in step 2. During this
initial seed formation reduction of the reactive [AuCls] species is fast but is

terminated by conversion of the remaining [AuCls]" to a less reactive [AuCls-

x(OH)1+x] ™ species.

While the stability of the final particles arises from the capping of the surfaces by
trisodium citrate the overall particle size is controlled solely by seed particle
formation, not the rate of capping. The final growth stages result in nanosphere
formation, as the final reduction of [AuCls x(OH)1+x] species occurs preferentially

on the surface of the existing seed particles evenly across the surface.

Work by Dong et al showed the range of particles produced through the Turkevich
method and the effect of alterations of the molar ratio between trisodium citrate and

HAUCI4 (Figure 47).214
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Figure 47: 1) UV-Vis analysis (left) showing the shift in SPR peak with increasing size and the
associated DLS (right) measurement of particle size. 2) TEM imaging of as-synthesized AuNPs a)
MR = 2.80, mean size = 15 nm, batch size = 1.5 L; b) MR = 1.50, mean size = 50 nm, batch size = 1.5
L. Reproduced from KONA Powder Part. J., 2020, 37, 224-232?* Creative Commons CC-BY license
They showed a large range of particle sizes are technically accessible through the

Turkevich/Frens method but that particles in the range of 15 — 30 nm were the most

monodisperse (PDI < 0.2) across a range of synthesis scales (50 mL — 1.5 L).

4.3.2 Seed-Growth method

A method which has seen significant interest recently, the seed-growth method, can
be thought of as a combination of the Turkevich and Brust?®® methods. In this
method typically small (< 2 nm) seed particles (i.e. Figure 46 parts 1 and 2) are first
generated and isolated using NaBH4 reduction of HAuCls in the presence of
trisodium citrate .2*> The starting size of the seed particle controls the minimum size

acessible from the method so standard Turkevich synthesis (i.e. reduction with

100



trisodium citrate) can be reliably used to create the seed particles if the target size is

>10 nm. 216

The method progresses to use these seed particles as the basis for the controlled
addition of an Au'" containing ‘growth solution’, slowly increasing their diameters.
Zeigler et al. showed a seed-growth synthesis method that provides stepwise control
over the size of the resulting particles to between 15 — 300 nm (Figure 48).21® The

growth solution consisted of two parts: an HAuCla4 solution to act as the Au'" -

feedstock and, a gentle reducing solution of trisodium citrate and ascorbic acid.

Figure 48: Particles produced using the seed-growth synthesis by Zeigler et al. . TEM images of (a)
15 + 2 nm (seeds), (b) 31+ 3 nm, (c) 69 + 3 nm, (d) 121 + 10 nm, and (e) 151 + 8 nm and SEM image
of (f) 294 + 17 nm gold nanoparticles. Scale bars are 200 nm for parts a—c and 500 nm for parts d—f.
Reprinted with permission from J. Phys. Chem. C 2011, 115, 11, 4502-4506. Copyright 2011
American Chemical Society.?'®

This method enables access to citrate coated gold nanoparticles with a broad range of
diameters with significantly improved control over the resulting monodispersity.

While the Turkevich method maintained good dispersity in the 10 — 30 nm range this
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method is particularly useful for accessing larger sizes (> 60 nm up to 300 nm) while

still maintaining an easily substitutable surface coating such as trisodium citrate.

4.4 Characterisation

Through understanding how the SPR changes with shape, size, and concentration
these properties can be estimated for an unknown sample. Specifically, through an
application of Mie theory in combination with experimental measurements Haiss et
al. showed that for citrate coated gold nanospheres with diameters between 15 — 130
nm), concentrations of nanoparticle could be accurately calculated from the

absorbance spectrum.?’

They derive two key equations from a modified Mie theory method in combination
with experimental data to determine fit parameters (accounting for variations in
theory due to surface coatings). The first equation determines the size of particles
based on a ratio of absorbance at the SPR peak and at 450 nm, where scattering does

not contribute significantly to the absorbance measured.

Equation 3 d = exp (B1 ':SPR — Bz)

450

Where d is the diameter of the particle, Agpy is the absorbance measured at the SPR

peak, A,z is the absorbance measured at 450 nm. B, and B, are experimentally

A
d SPR

derived fit parameters based on measure values of particles of known size and

450

determined to be 3.00 and 2.20 respectively.

Based on the same method of fitting derived equations to experimental data they
showed a second equation could be used to calculate the concentration of a gold

nanoparticle solution.
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Equation 4 N =

Where N is the number of particles in the solution per millilitre, A,z is the
absorbance measured at 450 nm and d is the diameter either derived experimentally
or through the previous equation. The fitting factors were derived from a Gaussian fit
of experimentally determined data of the extinction coefficient of nanoparticles of

known diameters at 450 nm.

The equations shown are explicitly limited to monodisperse citrate coated
nanospheres and other characterisation techniques such as dynamic light scattering
(DLS) and transmission electron microscopy (TEM) are key for a more detailed

understanding of the shape and size of nanoparticles.

DLS is an analytical technique from colloid chemistry which uses the scattering
properties nanoparticles in a colloidal system to give their hydrodynamic radii (Rn)
through measurement of scattered light from an incident laser (Figure 49). In the
context of gold nanoparticles this means DLS is measuring the size of the
[particle+corona] built up from solvent, ligands or proteins attached to the surface

which can lead to significant deviation between?'® DLS and TEM measurements.?'°

103



> Output

O@( Signal Processor
)
.
Backscatter s
173°
I A
ol tor
/ B - DeteC
A ) Forward scatter
ocusin
Attenuator ¥ & 13°
v Lens
Sample

Figure 49: Overview of a DLS system. The laser is fired at the sample with its power controlled by a
variable attenuator. Light scattered from particles in the sample scatter in all directions but are
detected at two angles, either/both non-invasive backscatter (173°) or forward scatter (13°). Some
instruments will also collect at scattering data 90° from the sample. Figure adapted from JCR 235,
2016, 337-351 © 2016 Elsevier B.V. All rights reserved.??

The intensity of scattering is proportional to the particles radius raised to the power
of six.??! In a disperse colloid this scattering is altered by the phasing in and out of
scattered light as the particles move with Brownian motion. The variation in the
intensity of scattered light is measured and fit to an autocorrelation function
automatically by the instrument’s software with key parameters of solvent viscosity,

refractive index, and temperature part of the analysis. This yields ‘Intensity’ based

measurement of particle size distribution.

As ‘Intensity’ measurement is highly sensitive to even a small number of larger
debris or aggregates, it can lead to ‘erroneous’ results where particles are reported to
be significantly larger than seen in TEM measurements. Additionally as DLS
assumes particles to be spherical, impossibly small measurements (< 1 nm) can be
erroneously reported from off-axis scattering of anisotropic particles.??> Weighted

measurements can be derived from the ‘Intensity’ data to account for the proportion
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of the signal arising from particles by number or by volume (i.e. to account for the r®

proportionality by size).?®
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Figure 50: Characterisation of gold nanoparticles by TEM and DLS. A) 16 nm diameter particles
(from TEM imaging) showing an erroneous peak at 400 nm under DLS analysis based on intensity
which is not present on the Volume or Number derived measurements (labelled 1 and 2 respectively,
3 —overlaid TEM data). B) 60 nm diameter particles (from TEM imaging) showing an erroneous peak
at 1 nm via DLS analysis based on intensity which is not present on the Volume or Number derived
measurements (labelled 1 and 2 respectively). Reproduced with permission Colloid Journal volume
73, pages 118-127. 2011 Copyright Pleiades Publishing, Ltd.???

The measurement inconsistencies with DLS as shown by Khlebtsov et al. (Figure 50)
show the different weighting of the measurements and how it can be challenging to
interpret DLS values. While number and volume weighted measurements tend to
emphasise smaller particles methods such as z-averaging combines the
measurements, resulting in a final reported size closer to TEM measurements, at the
expense of losing information about size distribution.??* There is little consistency
with which DLS values are reported in literature, an issue that has been commented

on?® yet “Intensity’ values are generally regarded as the primary measurement.
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For measurement of the core particles (i.e. without the influence of the coating),
TEM is the standard technique as metals are highly diffracted by an electron beam
and give excellent contrast in the image. This, in combination with the high
magnification achievable with TEM (with resolution down to < 50 A depending on
beam power and aberration correction)??® means that individual nanoparticles can be
imaged. Commonly, image(s) of a collection of nanoparticles are taken and image
processing software is used to measure the size of the particles and plot size

distribution. 226

Other methods such as laser diffraction, differential centrifugal sedimentation,
atomic force microscopy (AFM), inductively coupled plasma mass spectrometry
(ICP-MS), and nanoparticle tracking analysis have all been used to characterise
various nanoparticle properties.??’ For this project, a combination of DLS, UV-Vis
and TEM was used to characterise of the size of the core metal particle, the resulting
Rnand the concentration of the particles in solution. However, to get a good

understanding of surface functionality different techniques must be used.

Measuring the zeta potential of gold nanoparticles can provide characterisation of the
surface charge of a particle. Changes in the surface coating with differently charged,
or completely uncharged, ligands can identify successful functionalisation of a

nanoparticle and analyse its important functional characteristics.

Zeta potential is a measurement of the electric potential of the slipping plane of a

colloidal particle when exposed to an electric field (Figure 51). The slipping plane is
the theoretical boundary where ions held beyond the particles electrical double layer
(surface charge + stern layer) interface with the mobile ions held in the bulk solvent.

This measurement can be performed by applying a voltage across a sample and using

106



a light scattering measurement to quantify the resulting particle movement. Through
the particle’s direction and speed of travel the charge of the particle can be

determined.

Applied Voltage

®

Particle Surface Slipping Plane

Stern Layer

Figure 51: Illustration of the make-up of surface charges on a gold nanoparticle. Zeta potential
measures the charge at the slipping plane by applying a voltage to a suspension of nanoparticles and
monitoring their movement direction and speed via the same instrumentation as DLS measurements.
Adapted from reference Journal of Controlled Release Volume 235, 10 August 2016, 337-351 © 2016
Elsevier B.V. All rights reserved.??°

For functionalised gold nanoparticles it is this charge which can determine the
interactions between the particle and biological targets. Additionally, it is this

surface charge which helps stabilise the nanoparticles against aggregation.

Aggregation in a nanoparticle system is the irreversible agglomeration of particles
(as opposed to reversible agglomeration) however, these terms are used somewhat
interchangeably in literature.??® As particles aggregate, the optical properties change
and as aggregates continue to grow the size becomes greater than can be suspended

in solution. This can be detected in gold nanoparticle solutions through each of the
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analytical methods discussed above but is most obvious through the red shifting of
the absorbance. Additionally, the increase in size increases the scattering of particles
which results in a large increase in the absorbance around 600 nm. If the degree of
aggregation is severe, the entire suspension collapses and no useful analysis (other
than TEM) can be performed as most if not all of the characterisation methods rely

on characteristics that are only present while the particles are suspended.

The colour change upon aggregation can be extremely noticeable and has been
applied in a number of gold nanoparticle-based sensors with the target analyte
disrupting the stabilisation of the nanoparticle. For example Chang et al. developed a
sensor for mercury ions based on the aggregation of gold nanoparticles
functionalised with mercaptopropionic acid (Figure 52).2%° This was able to
selectively sense Hg?* with minimal interface from other di-cations in the presence
of 1 mM Dipicolinic acid, with a limit of detection of 100 nM. There are a number of
similar assays reviewed by Chang et al. for detecting mercury, lead and copper ions

with aggregation induced colour change.?*
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Figure 52: lllustration of the aggregation induced colour change of gold nanoparticle solutions on
specific detection of mercury ions.

An interesting application of the effect is seen in the addition of aptamers to gold
nanoparticles that in isolation stabilise the particles but, in the presence of their
binding target (and NaCl) lose their stabilising effect and an aggregation induced
colour change is observed. This was used by Song et al. to detect kanamycin (an

aminoglycoside antibiotic) using a DNA aptamer.?3!

Even though the core structure of the nanoparticle is not affected, if Au-
nanoparticles are brought close enough together, they can act as a larger particle and
show the red shift of aggregation. This effect is tied to the average size of the
particles and is not consistently seen in all sensors, possibly due to particles not
being able to get close enough together due to surface coatings, especially when the

original diameter was small.?%?
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45 Stability

For a colloidal suspension to remain stable in the long term the dispersed particles
must be able to resist the attractive forces attempting to bring the particles together to

form aggregates.?*® The forces involved in colloidal stability include:

e Electrostatic interactions
e Van der Waals forces

e Steric Forces

Derjaquin—Landau—Verway—Overbeek (DLVO) theory has been used as a theoretical
framework to understand and investigate aggregation in colloidal systems.?3* It
describes the forces between two particles of radius « each having a charge Z
separated by a distance r in a fluid, combining electrostatic interactions and van der

Waals forces.

2 —kr

Equation 5 BU(r) = Z%Ag ( eka ) e

1+ka

r

Where A is the Bjerrum length, describing the length at which the electrostatic
interaction between two charges equivalentto kzT . k™1 Is the Debye—Hiickel
screening length and S~ = kT describing the thermal energy of the system at

temperature T where kg is the Boltzmann constant and U is the potential energy.

While the DVLO theory can help to understand the forces between two charged
particles, many of the methods for stabilising colloids rely heavily on increasing the
steric bulk of the particles by coating them with large polymers such as
polyvinylpyrrolidone (PVP) or proteins such as BSA that keep the metallic core of

the nanoparticles physically separate from each other, preventing aggregation.?323
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Figure 53: Types of stabilisation methods used in various AuNP applications. Figure adapted from
Chem. Rev. 2019, 119, 1, 664-699. %7

A range of strategies can be employed for the stabilisation of nanoparticles: charge
and/or steric stabilisation through the addition of organic ligands, coating the particle
with an inorganic shell such as mesoporous silica or coating with biomolecules such
as aptamers/ antibodies (Figure 53).23” In many cases the addition of functional
ligands to a nanoparticle also provides the stabilisation required. However, in some
applications a mixed monolayer structure is used to add a combination of a non-

functional ligand that provides stability and a functional ligand that does not.?*

Aims

The aims of this part of my PhD were to generate stable gold nanoparticle conjugates
that could selectively label Gram-negative bacteria using a polymyxin targeting
ligand for use in a lateral flow test (Chapter 4). This required the synthesis of gold
nanoparticles with clearly defined optical properties with a well characterised surface
functionalisation to enable bacteria ligand attachment. The nanoparticle conjugates
needed to demonstrate long term stability and have a reliable synthesis for use in

developing a lateral flow assay.
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4.6 Results and Discussion

The first approach to making functional gold nanoparticles was to attach a ligand
that would label bacteria via a substitution method. This required the synthesis of
gold nanoparticles with a weakly bound surface coating that could be replaced with
the ligands of choice containing thiols. For the purposes of this work, nanoparticles
in the size range of 20-60 nm were appropriate as they have high extinction

coefficients which would provide good sensitivity in lateral flow tests.

4.7 Citrate Coated Nanoparticles (Au@Citrate)

Citrate coated nanoparticles were synthesised with two different procedures. For
small scale synthesis (1 — 20 mL) HAuCls and trisodium citrate were added to
sealable glass vials and microwave heated to 100°C for 10 minutes. For larger batch
synthesis (50 — 400 mL) a more traditional Frens synthesis was performed with the
HAuCI4 solution being brought to boiling before the rapid addition of the trisodium
citrate solution. Heating time varied with volume and was maintained until a deep
red colour of colloidal gold was observed. Each of these methods were able to
reliably produce particles within the desired size range with low polydispersity

(Figure 54).
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Figure 54: Absorbance spectra (Left) and DLS analysis (Right) for Au@Citrate synthesised through
the microwave or the traditional method. Data for Frens method was averaged from 4 separate
syntheses. Microwave method data averaged from 3 separate synthesise. The table summarises key
characterisation data. *UV-Vis Size refers to diameter calculated using values from the absorbance
spectra processed with equation 3

Analysis of the absorbance spectra using the equations from Haiss et al.?’ (Equation
3/4) provided a size measurement and yielded an average concentration of 1.7 nM

(i.e. 1x10™ nanoparticles / L) for Au@Citrate synthesised through either of these

methods.

4.7.1 Au@Citrate TEM Characterisation

The citrate particles from the Frens synthesis were characterised with TEM imaging
and showed an average size of 18 £ 2 nm which is consistent with literature
reports®*® that a citrate coating on the surface of gold nanoparticles adds

approximately 2 nm in DLS measurements due to the hydrodynamic volume (Figure

55) .224,239
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Figure 55: TEM images of synthesised gold nanoparticles with the corresponding particle diameters.
Scale bar 200 nm. Sizes were extracted using ImageJ particle analysis plugin with area cut offs of 72 -
1256 nm?and a circularity parameter of 0.7.

These Au@Citrate particles were used for substitution experiments where the

surface coating was replaced with functional compounds.
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4.8 Au@6 Particles

Figure 56: Structure of Lipoic Acid-PMBN (6). The sulfur atoms from the Lipoic acid provide the
anchor for its attachment to Au@Citrate

Liu et al provide a comprehensive tutorial for the preparation of nanoparticles with
thiol-terminated aptamers, describing their addition at 1 mM to a 13 nM Au@Citrate
solution.?*® For small molecules, examples such as the preparation of carbapenem
loaded gold nanoparticles by Shaker et al. describe the addition of the antibiotic at
2.5 mM (1 mg/mL) to Au@Citrate (0.1 mg/mL).2*! The differential binding strength
of the thiol ligand over the citrate coating allows for the fairly rapid substitution of
the surface coating.?*224% These examples were used as the basis for the substitution

of 6 onto Au@Citrate.

4.8.1 Au@Citrate Ligand Substitution

A preliminary experiment was performed to see the effect of the addition of 6 at
three concentrations (0.1, 0.5 and 1 mM) to an Au@Citrate solution (1.7 nM). Upon
the addition of 6 to the nanoparticle solution a rapid colour change from red, through
purple to a dark blue colour occurred indicating that the nanoparticles had formed

aggregates (Figure 57).
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Figure 57: Obvious colour changes seen through visual inspection of nanoparticle solutions on the
addition of 6 at 0.1, 0.5 and 1 mM from left to right to an Au@Citrate solution used as synthesised.
Leftmost vial shows unmodified Au@Citrate for reference.

The nanoparticles that aggregated and were unrecoverable via sonication (to break
apart aggregates), or filtration (to remove aggregates). To investigate this
aggregation behaviour the concentration of 6 was reduced by several orders of
magnitude (Table 4). Aggregation was assessed by eye, observing any colour
change, pre and post purification. Purification involved centrifuging the nanoparticle

solution into a pellet, removing the supernatant and redispersing them in water at the

original concentration.

Table 4: Screening the addition of 6 (at different concentrations) to Au@Citrate at 1 ODspr 1.7 NM.
The aggregation status was observed pre and post purification. Aggregated samples (+), non-
aggregated samples (-). * For these initial screening experiments the nanoparticles were used ‘as
synthesised’ with a starting pH of 5.2 + 0.3.

Aggregation
Reaction* 6/nM Pre-purification Post- Purification
A 1.8 - -
B 18 - -
C 45 - -
D 84 - +
E 168 + +
F 1680 + +
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At the lower concentrations (Reactions A-C) aggregation was not observed but,
higher concentrations (Reactions E-F) showed obvious aggregation pre-purification.
A replication of Reaction E was followed via absorbance spectroscopy to
characterise the aggregation process (Figure 58) and showed the rapid loss of

colloidal stability.

Au@Citrate
——— Reaction E - 1 mins
—— Reaction E - 2 mins
A\ — Reaction E - 3 mins
/
/
\

0.8

0.6

0.4 4

Absorbance (mAU)

0.2

0.0

T T T T T T d
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 58: Absorbance spectra (Left) of Reaction E pre-purification after the addition of 168 nM 6 to
Au@Citrate (1.7 nM) with absorbance spectra taken at 1 minute time intervals. After three minutes
sample colour reduced in intensity and large black particles of Au® aggregates that settled to the
bottom of the cuvette were observed (Right).

When 84 nM 6 was used (Reaction D) there was no colour change to indicate
aggregation during the initial reaction, but upon purification via centrifugation the
resulting pellet would not resuspend. Sonication of the pellet only served to disperse
large black particles through a mostly clear solution indicating complete aggregation

of the nanoparticles. Reactions A-C showed no observable aggregation pre or post

purification which was confirmed with absorbance spectroscopy (Figure 59).
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Figure 59: (Left) UV-Vis spectrum of reactions A-D pre-purification showing no change in the SPR
peak at 519 nm from the reference Au@Citrate spectrum. Aggregation in Reaction D was observed in
DLS analysis (right). The highest stable loading reaction (D) was compared to the reference
Au@Citrate with summarised results tabulated.

The analysis of Reactions A-C post purification showed no change from the starting
Au@Citrate particles. This was not unexpected as, assuming complete substitution,
the ratio of ligands:particles was extremely low, Reaction A only providing a 1:1
ratio (i.e., 1 molecule of ligand per nano particle). Reaction D (pre-purification) did
not show a change in the SPR absorbance peak, which would be indicative of a
change at the surface of the nanoparticle, but there was a small increase around 600
nm which is diagnostic of the start of aggregation.?** Additionally, DLS analysis
showed a 4x increase in average size with a bi-modal distribution showing small,

partially stable, aggregates had formed.

While it was possible to measure solutions that were actively aggregating via UV-
Vis spectroscopy and DLS, instability meant that measurements would change over

time. For unstable particles, zeta potential measurements were omitted as is common
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with poorly stabilised particles, the applied voltage resulted in fouling of the

electrodes both invalidating the measurements and damaging the cuvette.

Au@Citrate Stabilisation Through pH Adjustment

The instability seen in Reactions D-F was believed to either be due to a crossing over
point where the nanoparticles had lost their charge stabilisation from the citrate
coating but were insufficiently coated with 6 to remain stable or that the ligand acted

as a glue and bridged between multiple nanoparticles causing aggregation (Figure

60).
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Figure 60: lllustration of the charge transition hypothesis (Top) where a combination of negative and

positively charge ligands result in a net neutral charge. The alternative charge bridging hypothesis
(Bottom) where 6 acts to ‘glue’ particles together by sitting in between anionic particles.

iL
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The aim therefore became to provide sufficient stabilisation to allow complete

substitution of the citrate ligands by 6 to generate a highly positively charged, and
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therefore stable, nanoparticle. To maintain stability while substitution took place, a
method to reduce/remove the positive charge from the reaction was investigated
(Table 5). To do this, the substitution reaction was performed while pH was
maintained above 10 such that the -NHs™ amine groups on 6 would be predominantly
formally neutral. Thus, the pH of an Au@Citrate solution was adjusted to 11.2 with

NaOH (10 mM) prior to the addition of 6.

Table 5: Results of the addition of compound 6 to an Au@Citrate solution (1.7 nM) with the pH
adjusted to 11 and the resulting shift in the absorbance peak pre-purification.

Aggregation
Reaction 6/nM Pre-Purification Post- Purification Amax
G 84 - + 520
H 168 - + 525
I 1680 - + 525
J 3360 + + 561

In this case, even with higher concentrations of 6 the nanoparticle solutions were not
observed to immediately aggregate (by visual inspection). Absorbance analysis
showed increases in absorbance intensity for Reaction G-1 and also a minor red shift
for Reactions H and | which suggested that there may have been some surface
modification occurring. Reaction J exhibited signification aggregation but remained
stable long enough to measure an absorbance spectrum before collapse of the

suspension.
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Figure 61: (Left) UV-Vis spectrum of reactions G-K pre-purification showing SPR peak changes
relative to the reference. Aggregation in Reaction | was observed via DLS analysis (right).

The reaction with the highest stable loading (Reaction 1) was further analysed with
DLS and Zeta potential measurements which showed an increase in size and a more

positive surface charge, all of which indicated successful addition of 6 (Figure 61).

However, during the purification process of repeated centrifugation and resuspension
in water, there was noticeable aggregation which increased after each cycle. After
the first cycle of purification the pH of each reaction had reduced to 9-10 (as
monitored by pH paper) with the extent of aggregation approximately proportional to
the amount of 6 present in the reaction. Reaction | specifically aggregated after only
a single centrifugation purification, while Reaction G and H aggregated after the

second, where the pH was further reduced to 7-8.

Purification was also attempted with molecular weight cut off (MWCO) filters.

While four purification cycles were required to lower the pH of the solution to 7,

121



aggregation was again observed. Additionally, simply dropping the pH to 7 with a

buffer such as PBS (0.1x) or HCI (0.2 M) all resulted in irreversible aggregation.

This aggregation on reversion of pH back to 7 may have been due to incomplete
substitution of the nanoparticle surface. This would mean that only some of the
particles surface was covered and therefore protected with 6. In literature, Ojea-
Jiménez et al. suggest that there is a fundamental instability when trying to
synthesise cationic biocongugated AuNPs from Au@Citrate due to the charge

bridging effect from residual citrate in the solution (Figure 60).24

Due to the aforementioned stability issues an alternate approach was required. The
streptavidin-biotin binding system was being explored for the bio-recognition aspect
of the test because of the additional flexibility that it provided, both in its application
in fluorescent imaging (Chapter 2) and as a method for anchoring the PMBN to
nitrocellulose (Chapter 4). A literature investigation revealed that Au@Streptavidin
presented a much more straightforward method to generate a stable nanoparticle-
conjugate?® that, in combination with 12 could specifically bind to Gram-negative
bacteria. Hence, this was deemed to be the optimal path forward for this project and

the Au@Citrate substitution with 6 was not explored further.

4.9 Au@Streptavidin

To attach biotinylated compounds such 12 to gold nanoparticles Au@ Streptavidin
was required. Streptavidin is well reported as a functional surface on gold
nanoparticles?*® and the resulting Au@Streptavidin has been applied widely in

lateral flow tests.1%.
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Attachment was performed according to a literature procedure?*® through the
substitution of Au@Citrate with a streptavidin solution (0.8 uM) in a mildly basic
solution (pH 9). Particles were purified via centrifugation with the substitution

confirmed via DLS and optical characterisation (Figure 62).

—— Au@Citrate
—— Purified Au@Streptavidin
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Figure 62: Characterisation of Au@Streptavidin synthesis pre-purification (crude reaction mixture)
via UV-Vis spectroscopy (left) and DLS (right). Key data tabulated to show comparison to starting

Au@Citrate particles.
The addition of the Streptavidin to Au@Citrate showed a redshift in the SPR peak
and an increase in absorbance in the UV-Vis spectrum, caused by the change in

dielectric environment at the particle surface after protein coating®?, which was also
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mirrored by the increase in DLS size to 100 nm. This large Rn increase was
expected, primarily due to the large, well hydrated corona from protein absorption.
Post purification the UV-Vis spectrum was unchanged, but the DLS size showed a
slight reduction in overall size but a lower PDI suggesting that excess, loosely bound
streptavidin had been removed leaving only more tightly bound streptavidin attached
to the nanoparticle surface. Zeta potential measurements showed a slight reduction in

negative charge.

For application and storage, the Au@Streptavidin particles were treated with 0.1%
BSA in 0.1x PBS which provided additional steric bulk to the nanoparticles that

aimed to reduce aggregation or non-specific binding to the container during storage.

4.10 TEM Characterisation of the Au@Streptavidin Binding Properties

For the purposes of using the nanoparticles in a lateral flow strip the particles were
prepared in a running buffer solution with 0.1% Tween 20 and 0.1% BSA in PBS (a
common running buffer composition for lateral flow tests in literature)?*’. The
nanoparticles were imaged with TEM to characterise the shape and size of the

particles (Figure 63).

To test and image the binding of Au@Streptavidin to bacteria with and without 12, a
range of labelling experiments with E. coli and B. subtilis were performed. The
bacteria solutions were both prepared to 1 ODsoo concentrations for all experiments
as a relatively high concentration was required to achieve sufficient coverage of the
TEM grid for imaging. To prepare the TEM grids, 10 pL of the bacteria solutions
were added, allowed to settle/dry for 10 minutes before excess was removed.

Labelling experiments with Au@Streptavidin used a labelling concentration of 1
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ODspr (approximately 1.4 nM based on the post-functionalisation absorbance

intensity of Au@Citrate).
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Figure 63: TEM images taken of the Au@Streptavidin particles Histogram plots of nanoparticle
diameter were extracted through the ImageJ particle analysis tool and calculation from the particle
area. Circularity of particles was set to between 0.7 — 1. Scale Bar 200 nm. Zoom of particles inset
scale bar 20 nm.
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It was seen that the shape and size of the particles was consistent with the
Au@Citrate particles previously imaged. Interestingly as the nanoparticles were
applied to the copper grids in the running buffer solution the particles formed

droplets, likely due to the surfactant Tween 20.

4.10.1 Testing for Non-Specific Binding of Au@Streptavidin to E. coli

v L 1 ‘

Figure 64: TEM images of E. coli treated with Au@Streptavidin showing limited non-specifically
bound nanoparticles (indicated by red arrows). Bacteria were grown overnight and adjusted to 1 OD
with PBS and incubated in PBS for 1 hour at 37 °C before the addition of 1 OD Au@Streptavidin
nanoparticles. The Bacteria+tAu@Streptavidin solution was washed via centrifugation before fixing to
copper grids with no staining. Scale Bar = 1 um

TEM imaging of E. coli showed that there was limited non-specific binding of the
Au@Streptavidin (Figure 64). This was also demonstrated when E. coli were

centrifuged to remove unbound Au@ Streptavidin giving a red solution and a white

pellet of bacteria.
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4.10.2 Outer-Membrane Binding and Disruption of E. coli Treated with

12

As polymyxin is known to bind to the outer membrane of Gram-negative bacteria

and increase its permeability E. coli was imaged after treatment with 12 (Figure 65).
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Figure 65: A representative selection of TEM images of E. coli treated with 12 (10 uM, 1hr) showing
that for a large proportion of the bacteria there was no noticeable impact of the treatment with
bacterial shape and size consistent with the control. Bacteria+12 solution was washed via
centrifugation before fixing to the copper grid with no staining. Zoomed out image (top left) scale bar
=5 pm. Other Scale Bars = 1 pm.

A small number of bacteria did show signs of damage/disruption to the outer
membrane, but this was minor compared to the whole sample. A representative

sample of images is displayed to illustrate the observed behaviour (Figure 66).
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Figure 66: A selection of TEM images to show that on treatment there was a small number of bacteria
that were damaged as indicated by evidence of material around the bacterial that appears to have been
ejected from the bacteria as the structural integrity failed. Bacteria+12 solution was washed via
centrifugation before fixing to copper grid with no staining Scale Bar = 1 um.

From this selection of images, bacteria can be seen at various stages of breakdown
between single ruptures (blue arrows) and complete breakdown (red arrows) of the
outer membrane. This possibly suggests an ongoing breakdown process which would

be in line with the action of polymyxin B derivatives of which a single snapshot is

represented by this experiment.

4.10.3 Imaging E. coli Labelling with 12 and Au@Streptavidin

The labelling procedure of E. coli with both 12 and Au@Streptavidin resulted in a
noticeable red pellet of bacteria post-centrifugation (Figure 67) suggesting good

binding between Au@Streptavidin and the E. coli labelled with 12.
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Figure 67: Image of E. coli labelled with 12 (10 uM) for 1 hour and incubated with Au@Streptavidin
(1 OD) for 5 minutes. The solution was centrifuged to form a pellet which showing a red colour.
Unbound nanoparticles still present giving the supernatant a light red tint.
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Figure 68: TEM images of E. coli treated 12 before adding Au@Streptavidin. A range of fields were
chosen 1) large groups of bacteria showing particularly strong labelling at the interface between
bacteria. 2-3) smaller groupings of bacteria showing consistent labelling of the outer membrane 4)
individual bacteria showing non-uniform labelling both at an individual bacterium level and between
adjacent bacteria. Bacteria were grown overnight adjusted to 1 OD with PBS and incubated with 12
(10 uM) for 1 hour at 37°C before the addition of 1 OD Au@Streptavidin. The
Bacteria+Au@Streptavidin solution was washed via centrifugation before fixing to a copper grid.
Scale Bar =1 pm,

130



Different regions of interest in the sample field were imaged to best represent the full
picture of E. coli successfully being labelled with Au@Streptavidin via the bi-
functional ligand 12 (Figure 68). Labelling was achieved both, in large clumps of
bacteria and, individual cells. The degree of uniformity of the labelling varied from
heavy coverage of the entire outer membrane of some bacteria to sparsely present
nanoparticles on other cells. This labelling experiment also showed some of the same

outer membrane disruption as noted previously.

Figure 69: TEM images of E. coli incubated with 12 and treated with Au@Streptavidin highlighting
different degrees of disruption of the outer membrane and bacterial labelling. Scale bar = 1 um

The binding to the outer membrane was evident, as in many images ‘rafts’ of outer
membrane material had been sloughed off the bacteria and was strongly labelled via
12 and Au@Streptavidin (Figure 69). Across the series of bacteria imaged, a
selection highlighting some of the patterns of labelling such as well dispersed surface

labelling and larger aggregates of Au@ Streptavidin was collated (Figure 70).
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Figure 70: TEM images of single E. coli bacterium incubated with 12 and treated with
Au@Streptavidin with a variety of labelling patterns identified e.g. larger aggregates of nanoparticles
forming on the surface. Scale bar = 1 um. Zoomed highlighted image (top centre) Scale bar = 500 nm

4.10.4 Non-Specific Binding of B. subtilis by Au@Streptavidin

B. subtilis was incubated with Au@ Streptavidin to monitor for non-specific binding
without the presence of 12. The control images of B. subtilis (Figure 71) showed
little non-specific labelling with Au@ Streptavidin. The bacteria appeared to be more
prone to forming clumps compared to E. coli. A thick ‘outer grey area’ surrounded
each bacterium which is consistent with the much thicker peptidoglycan layer

present in Gram-positive bacteria as well as long flagella (also seen in light grey).
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Figure 71: TEM images of B. subtilis treated with Au@Streptavidin showing that there are no/few
non-specifically bound nanoparticles. Bacteria were grown overnight adjusted to 1 OD in PBS and
incubated for 1 hour at 37°C before the addition of 1 OD Au@Streptavidin.
Bacteria+Au@Streptavidin solution was washed via centrifugation before fixing to copper grid
without staining. Scale Bar =1 pm
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4.10.5 Outer-Membrane Disruption of B. subtilis Treated with 12

e A

Figure 72: TEM images of B. subtilis treated with 12 showing that there was no/minimal outer
membrane disruption. Bacteria were grown overnight adjusted to 1 OD with PBS and incubated with
PBS for 1 hour at 37°C before the addition of 1 OD Au@Streptavidin. Bacteria+Au@Streptavidin
solution was washed via centrifugation before fixing to the copper grid. Scale Bar = 1 um

While the Gram-positive B. subtilis should not be targeted by the polymyxin based
12 there was some evidence of outer membrane damage. This was, in general, much
more disperse and less severe than that seen in E. coli experiments. Small blebs on

the bacteria surface or evidence of dead bacteria / broken outer membranes were

possible to find on the TEM grid but only on a minority of bacteria (Figure 72).
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4.10.6 Analysis of B. subtilis Labelled with 12 and Au@Streptavidin

The loading/labelling procedure resulted in red or white pellets of bacteria (Figure
73) suggesting good differential between the binding of Au@Streptavidin to E. coli

and B. subtilis loaded/treated with 12.

Pre-washing Post washing Zoom view

.

E. coli B. subtilis E. coli  B. subtilis B. subtilis

Figure 73: Images of E. coli and B. subtilis loaded with 12 (10 uM) for 1 hour and incubated with
Au@Streptavidin (1 OD) for 5 minutes. The solution was centrifuged to form a pellet which was
white (B. subtilis) or light red colour (E. coli). Unbound nanoparticles were still present giving the
supernatant a light pink colour.

The B. subtilis did experience some binding of the Au@Streptavidin after the full
labelling procedure but this seemed to be primarily isolated to locations where
intracellular material that leaked out. The proportion of labelling was significantly
lower than seen with E. coli and confirms the Gram-selective labelling of bacteria

with a combination of compound 12 and Au@Streptavidin particles and is clearly

demonstrated in Figure 74.
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Figure 74: TEM images of B. subtilis loaded with 12 and then treated with Au@Streptavidin showing
nanoparticles on extracellular material (red arrows). Bacteria were grown overnight adjusted to 1 OD
in PBS and incubated with 12 (10 uM) for 1 hour at 37 °C before the addition of 1 OD
Au@Streptavidin. The solution was washed before fixing to copper grid. Scale Bar =1 pm.

Based on the TEM imaging which showed specific binding to E. coli with minimal
non-specific or off target binding the development of this labelling system to a

lateral flow design was pushed forward.
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5 Development of a Lateral Flow assay for Gram-

Negative bacteria

Having shown that a combination of Au@Streptavidin and 12 was able to effectively
label Gram-negative bacteria in solution, their validation in a lateral flow assay was
required. The elements that needed to be explored were the nitrocellulose membrane,
the test line and the control line. As the aim was to build a test using a sandwich

style assay design (Figure 75), the capture reagents also needed to be validated.

Sandwich Assay

Signal Element
(Au@Streptavidin)

Bio-recognition Element \‘ ‘

(PMBN-LC-Biotin 12) Control Capture element

Bacteria
(Au@BBSA)
Test capture eIement/ Solid Support
PP (Nitroce”ulose)
(12 anchored by Positive  Negative  Control

Streptavidin)

Figure 75: Target assay design. The test capture element utilising streptavidin -12 binding, with a
control line using Biotinylated-BSA as a capture element.

5.1.1 Nitrocellulose Membrane Selection and Solvent Flow

At the core of a lateral flow assay is a nitrocellulose membrane where the capture of

the analyte and the visualisation of binding occur?*® (Figure 76).
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Figure 76: A cross section of a commercial COVID-19 lateral flow assay (top) and an expanded view
(bottom) of the component parts. The central element is the nitrocellulose (highlighted by red arrows)
in both a diagram. The main three elements that control flow through the assay (Nitrocellulose,
Sample and Absorbent Pads) are briefly described. The volumes ‘held’ of each of these components is
proportional to their dimensions and approximate values listed are based on commercially available
COVID-19 lateral flow tests.

The primary consideration, in the selection of nitrocellulose membranes for lateral
flow, is the rate of flow through the strip and as such, nitrocellulose membranes are
supplied on the basis of number of seconds it takes for solutions to flow 4 cm along
the strip®*® The slower the flow through the strip, the greater the contact time there is

between reagents/analyte at the test area and therefore the sensitivity of the test is

improved, however, slower flowing strips take longer to show results.?4°

Flow rates are controlled by properties of the nitrocellulose matrix such as: pore
sizes?™, overall thickness (Figure 77)%!, addition of any patterning®®22%3, The
dimensions of the membrane also play a role in flow speed or rate (e.g. wide strips

flow more slowly) while also controlling the total bed volume of the strip.?>*
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Figure 77: SEM micrographs for the surfaces (a—c) (2000x) and cross-sections (d—f) (1000x) of
nitrocellulose membranes, prepared with cast thickness of (a, d) 600 um, (b, €) 700 um, and (c, f)
800 pum. Reprinted with permission Scr. Mater. 57, 8, 2007, 743-746 Copyright © 2007 Acta
Materialia Inc. Published by Elsevier Ltd.?>* Average pore size measurements (green text): a — 4.2
pm, b - 4.9 pm, ¢ - 7.5 pm

As well as controlling the flow of reagents along the test, the nitrocellulose acts as a
solid support to hold the reagents making up the test and control line. In a sandwich
assay lateral flow test, these reagents capture the labelled analyte and the labelling
conjugate respectively and concentrate them into a tightly defined area, resulting in a

visible line.
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5.1.2 Developing a Test and Control Line System

One of the reasons for using a streptavidin-biotin system for labelling in the previous
chapters was the ease of developing a test and control line for lateral flow. A
standard lateral flow system uses hydrophobic interaction to bind antibodies directly
to both a nanoparticle and nitrocellulose. Due to a combination of a small size,
limited hydrophobicity and high water solubility meant that polymyxin would elute

off nitrocellulose.

However, the biotinylation of PMBN to generate 12 allowed the use of streptavidin
as an anchor to immobilise capture reagents as a test line and is well reported in the

literature,190.255-257

Biotinylated BSA has been used in the validation of streptavidin-biotin lateral flow
systems in literature.?>®2%° The use of a streptavidin-based test line can be validated
through the capture of Au@BBSA and equally the use of Au@Streptavidin enables

the use of BBSA as a control line.

The next stage of test production required that reagent solutions for the test and
control lines were placed onto the strip with fine control over their volume and
position. There are several possible methods to achieve this, and the choice of
method influences the consistency of the resulting assay, inconsistent application of

reagents would result in strip-to-strip variability.
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Test and Control line application methods

/ Striping \

» Standard method for
commercial test
manufacture

* Reagents dispensed
through flexible tips
and dragged across the
membrane

* Highly tuneable

Striped
lines /
/Spotting methods \

/

Polypico: Pipette dropping:

* Tuneable volume * Min. volumes ~ 1 pL.
down to nL * Challenging to control

* Consistent size and size and placement of
placement/overlap spots
of spots * “Line” thickness > 1

* Controllable Line mm

thickness Polypico Micro-
K inkjet pipette /

Figure 78: Comparison of different methods to apply the test and control line reagents to the
nitrocellulose membrane in the production of a lateral flow test. The resulting test and control lines
from these techniques are illustrated. A) Image of instrument used to simultaneously deposit “strip’
test and control lines. Image reprinted with permission. Nat Protoc 15, 3788-3816 (2020). Copyright
Springer Nature?%

Commercially, application of the test and control line reagents is performed with
specialised instruments that apply a thin line of reagents to a continuous strip of
nitrocellulose (Figure 78). Here, a Polypico inkjet style printer was used to apply
reagents onto the strips. Spotting the nitrocellulose strips with a micropipette yielded

inconsistent test and control lines.

141



5.1.3 Image Analysis

Another part of developing the assay is determining how the results from the test
would be measured, interpreted, and quantified. In the literature there are several
approaches that are viable. The simplest version is a pass/fail assay were the
presence or absence of a red colouration in the test line area is determined
visually.?®! This provides quite a simple view of the outcome of a test and would
make it challenging to optimise the test conditions to determine if changes to the test

made a positive or negative difference to the assay.

An alternative approach is the development of a bespoke test strip reader. These are
standalone devices that can measure the intensity of the colouration at the test line.2%2
This information can then be used to quantify the outcome of the test which, in a
complete assay, can be used to determine the concentration of the analyte detected.
More recently there has been interest in developing more accessible low-cost
methods for the quantification of lateral flow tests.®* The combination of 3D
printing and smartphones can replicate the majority of the function of a dedicated

reader which reduces costs and increases the flexibility of the system.

5.2 Aims

The aim of this section of the PhD was to design and validated of a lateral flow test
to detect Gram-negative bacteria. This required each separate component to be
validated in isolation before assembling the full test. Firstly, a test platform was
needed, comprising of a nitrocellulose strip printed with the test reagents and a
method to image and analyse results. Secondly, the flow parameters needed to be

optimised and control tests validating the binding of streptavidin-biotin components.
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Thirdly, testing with E. coli was performed, initially keeping the bacteria stationary
to bind the Au@Streptavidin+12 labelling conjugate. Finally, all of the components

could be brought together, and a full sandwich assay lateral flow test implemented.

5.3 Strip Engineering

The first challenge to be tackled for this part of the project was the development of
the testing platform to see 12 and Au@Streptavidin functioning in flow. This
required the selection of a nitrocellulose membrane, that was cut down into the
appropriate strip geometry. With the nitrocellulose strips in hand, the challenge of
printing the designed compounds onto the strips was approached. Once strips were
printed with compounds, control tests could be performed to develop the image

analysis platform.

5.3.1 Nitrocellulose Membrane Preparation

The slowest flowing membrane was selected (Whatman FF170 HP) with a flow of
140-200 seconds over 4 cm (on a 10 mm wide membrane). This membrane was

supplied pre-attached to a flexible plastic backing card for support.

It was particularly important to prevent contamination of the nitrocellulose surface,
so all handling steps were performed with gloves or with a paper coating on the
exposed nitrocellulose surface. Oils from the hand bind to the surface and were

visible in the flow of the running buffer through the strip.

While modifications to the flow geometry on lateral flow strips is something that has
been investigated in the literature?®? for the purposes of this assay, a simple

rectangular shape was used. The nitrocellulose membrane (85 mm x 126 mm) was
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cut into 4.5 x 42.5 mm rectangular strips in a 2 x 28 pattern by laser cutter,

producing 56 total strips at a time (Figure 79).

126 .00

00

I—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0 O—0—O0—O0—0—0

Figure 79: Sketch of the dimensions used to laser cut the A4 sheet of nitrocellulose membrane into a
batch of 56 strips. Up to 4 batches could be cut from each sheet. (Sketch from Fusion 360, with units
shown in mm).

The addition of sample and absorbent pads to the nitrocellulose membrane was
initially trialled with prototype strips but, good and consistent contact between the

pads and the strips would have required additional housing elements to provide

downward clamping pressure and so was not used at this early validation stage.

5.3.2 Printing

With strips cut into an appropriate shape and size, the test and control lines were
added. The main considerations were to control the line position on the strip and the
thickness of the line with high strip-to-strip consistency. To achieve this, a PolyPico
liquid handling system was used to apply the compound (Figure 80). This system
uses disposable plastic print cartridges which could be filled with the solution to

print. These “print cartridges’ were then fitted into the main print head that uses
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controlled vibrations to eject individual droplets from the cartridge aperture. A built-
in strobe and camera system calibrates the volume of the droplet, controlled through

altering the parameters of the vibration motor.

Micro-grop Dppensmg Technologies HH J;

b ﬂv—lf
A
Al
4
.\,

Figure 80: Images of the Picospotter inkjet system used to print the test and control lines for the assay.
A) The whole Picospotter system showing the print head (centre blue) and the print area. The 96 well
plate (highlighted green) was used to fill the print cartridges. B) Disposable print cartridges with
variable aperture sizes (30 — 120 um) (the cartridges are 15 mm high). A 50 um aperture was used
throughout this project. C) Enlarged view of the print head with the print cartridge fitted (highlighted
in red).

The print head was programmed to print a pattern of drops of fixed volume and
defined location. Here, a test line was printed 1 cm from the bottom of the strip and
the control line was printed 0.5 cm above the test line. There was a built-in mounting
area (Figure 80) designed to fit a 96 well plate that was used as a repeatable

reference area for the printing of the nitrocellulose. This controlled the overall size of

the laser cut nitrocellulose strips so that a batch of 56 strips could be printed
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simultaneously. A new print cartridge was used for each solution and the droplet size

was recalibrated immediately prior to each printing run.

The concentration of the print solutions were chosen based on the tutorial review by
Parolo et al.?® that suggested that a starting concentration for many lateral flow
assay antibody-based test and control lines is 1 mg/mL. Higher protein
concentrations printed inconsistently and occasionally blocked the print head,

therefore, for all strips described in this work a concentration of 1 mg/mL was used.

Lines were printed using overlapping 15 nL spots that together would produce lines
that were consistently 1 mm wide (Figure 81). To achieve a continuous line the spots
had a 0.3 mm step over across the width of the test and to achieve the desired 1 mm
thickness this was replicated three times. Each of the three print ‘lines’ had a 0.1 mm
step over across the length of the strip. This resulted in a total of 42 total spots per
test and control line with a volume of 0.63 pL. The test line was printed 1 cm up
from the bottom of the strip and the control line 5 mm above the test line. These

parameters were maintained on a per-strip basis for all strips presented here.

Line Positions

Line Printing
Wllmm 15 nL spots
5mm 0.3 mm step-over in X
W y 0.1 mm step-over inY
e
X

Figure 81: Positioning of test and control line printing using the PolyPico printer. Line printing was
consistent on a per-strip basis. The parameters of the print were modified depending on the total batch
of strips being printed (i.e. when printing 10 strips together a print line comprising of 140 spots was
used to print all strips simultaneously).
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Where possible, batch printing of strips was performed, and the print cartridges
refilled with solutions as necessary (fill volumes of 100 — 150 pL was used) with
volume calibration repeated between each line. Each line would be printed across the
X axis of the batch of strips before returning to the start and advanced in the Y axis
to allow for each line to partially dry before the next application. This reduced the
spreading of spots due to saturation of the nitrocellulose with liquid, maintaining a

consistent line width of 1 mm.

5.3.3 Image analysis

To quantify the results during optimisation a system for imaging the test and control
lines was developed. A range of commercial strip readers are available along with
other imaging methods such as the use of a consumer grade document scanner.%®
There are a number of well described smartphone-based imaging systems in
literature®+1% ysing the powerful cameras in modern smartphones in combination
with the computational power on hand, results in the ability to achieve ultra-fast

quantification of the signal intensity on a strip assay.

In order to standardise the images captured from the strips a repeatable imaging
stage was required. This needed to position the strips consistently from experiment
to experiment and allow for multiple strips to be imaged at the same time.
Additionally, it needed to uniformly light the strips every time to ensure that the

relative intensity of the signals was not skewed by differences in changes in lighting.
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Imaging 3D Print Enclosure

A 3D printable imaging enclosure (Figure 82) designed for smartphone-based
fluorescent imaging of lateral flow strips was described by Mahmoud et al.?54 A
modified smartphone adapter plate was made to fit an iPhone 12 which was used to
take images of the loaded strips. An additional cover for the lamp adaptor was
printed to exclude external light and images were taken without zoom and with the
flash always on. Each of the parts of the enclosure was made on an Ultimaker 3
Extended printer using black and blue PLA with 0.1 mm layer height. The main
enclosure was printed with a 40% infill with a gyroid pattern to ensure that external
light was appropriately excluded. Other components were printed with a 20% infill

to reduce overall print time.
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Strip holder with sample
labelling spot (white)

Adaptor for
external light
source

(blocked with

plug) Smartphone
adaptor
plate

Clamshell style box for light exclusion

Figure 82: 3D printed enclosure customised for this project based on the work from Mahmoud et al.
with a top adaptor plate designed for an iPhone 12. Separated view (top) shows each of the
component pieces and assembled view (bottom) shows how the components fit together for imaging.
The bottom half of the housing was printed in black to reduce blue reflections in the images.

The enclosure was made of upper and lower sections that together would hold the
smartphone in a ‘fixed’ position above the lateral flow strips while allowing the
enclosure to be opened and closed by separating the two halves. A separate carrier
for the lateral flow strips held a maximum of 7 strips parallel to each other, which
through interfacing rails, printed into the base of the lower half of the enclosure,

would hold the strips in a repeatable position within the enclosure (see Figure 83

below)
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Python Script for Automated Analysis

With a repeatable way of imaging a large number of lateral flow test strips, a method
for analysing the images was required. A manual approach to lateral flow image
analysis using ImageJ is reported in literature.?®® This provided a set of steps to
follow to take an image of the strip and extract the intensity of the test and control

lines. However, this manual approach had two key factors to consider:

1. Reliable image analysis requires that the images are taken under the same
conditions every time. Differences in lighting or capture settings between
images could alter the analysis results.

2. Manual processing of images limits the total throughput of the system and
introduces variability in steps such as selecting the area of the strip to

analyse.

The use of the imaging enclosure allowed for highly repeatable imaging with good

consistency run to run, and software automation could be used to process the images.

To do this a python script (Appendix 1) was developed to take the full smartphone
images and slice the image into seven individual images centred on the region over
the test and control lines. This was done through referencing the x and y position of
the top strip in the image (Figure 83). This position was held consistently
throughout, ensuring that each strip was flush against the wall of the enclosure. This
was another advantage of using a laser cutter to produce the strips as it provided

confidence that every strip would have straight edges that were square to each other.
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Figure 83: Image of lateral flow strips held in the 3D printed imaging enclosure. X and Y positions
for image analysis were referenced from the top left-hand corner of the image. The yellow box shows
an area that was ‘sliced” from each strip and used to provide the individual images across the test and
control lines. The orange line shows the reference edge that was used to ensure the strips were
repeatable in the x direction.

With an image of the test and control lines isolated for each strip available it was
converted to greyscale then the 3D data (X, y, pixel intensity) was compressed to 2D
by averaging the pixel intensity over the y axis. This yielded data that could be
plotted to show the changing pixel intensity over the length of the strip. The

averaging over the y axis also aided in evening out any irregularities in the printing

of the test and control lines (Figure 84).
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Figure 84: Illustration of the steps taken by the image analysis program to convert a smartphone

image to
1)

2)
3)

4)

5)

a plot-able intensity graph and integrate the peaks.

Full image taken showing two strips under analysis; the top strip is highlighted showing the
region isolated for analysis.

The highlighted strip area is sliced into a new image shown in colour.

The colour strip image is converted to greyscale using the Python OpenCV library.
Greyscale gives pixels a value between 0 (completely black) and 255 (Completely white).
The pixel intensity data from 3 is averaged across the y axis giving average pixel intensity.
4-1) raw average pixel intensity plotted shows inverse peaks. 4-2) These inverted peaks are
flipped by converting the sign of the data. 4-3) The inversion of the peaks is completed by
adding 255 (maximum value in greyscale). 4-4) Baseline correction is applied, flattening and
bringing the baseline to zero.

The difference before and after baseline correction is applied. A reference line (red) at 20 has
been added to show the deviation more clearly in the baseline over the distance of the strip.

From this image, an automatic baseline correction system developed by Baek et al,

originally reported for correction of Raman spectra, was applied.?% This correction

was to allow for automatic peak detection and integration, which was the primary

method for quantifying the results of each strip assay.

Peak detection was implemented using the SciPy signal analysis library to find peaks

based on prominence and with a maximum peak width of 60 pixels. Once the peaks
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were detected, integration was done with Simpson’s rule.?®® Peak height was also
calculated to understand the maximum intensity, as a very broad peak may have a

large integration but less visibility than a sharper peak.

The automation of image analysis increased the throughput of assay development
and opened the option of applying high throughput experimental techniques such as
design of experiments (DoE) to the problem.?’With the production and analysis of
the strips developed, the assays themselves could be run and experimental conditions
optimised. Initial experiments aimed to verify the basic experimental conditions of

the flow and the capture of gold nanoparticles.

5.4 Strip Testing

The main interaction being leveraged by the assay was the streptavidin-biotin

interaction, so this was the first thing to be investigated.

The general approach used here to run a lateral flow assay was with the AuNPs
solutions at 1 OD in the running buffer added to a well of a 96 well plate and the end
of the nitrocellulose strip placed into the well (Figure 85) to allow flow up the strip
by capillary action.

Nitrocellulose
membrane

Test and

Control Lines Test solution

Au@Strep +

96-wellplate Running Buffer

Figure 85: Positioning of the strip assay in a well of a 96 well plate with the test solution.
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The total volume of nanoparticle solution being allowed to wick into the strip before
a wash buffer would be added. Once the wash buffer had run into the strip, the strip
would be removed from the plate and allowed to fully dry before loading into the

imaging enclosure and analysed.

5.4.1 Control Tests

Blocking is the addition of non-reactive compounds to the assay to saturate non-
specific binding sites to ensure target binding only happens in defined locations.
Common blocking approaches in lateral flow are the addition of proteins such as
BSA, Casein and non-fat skimmed milk powder or detergents to either the running

buffer, nitrocellulose membrane or, both.?%8

Biotinylated BSA (BBSA) was used to verify the binding of my Au@Streptavidin
nanoparticles to a biotin capture element. For a non-specific binding control, a test

line of BSA (non-biotinylated) was printed (Figure 86).

.." o

2222277/

AuNPs 1 OD in Test Line Control Line
Running Buffer BSA BBSA 1 mg/mL
1 mg/mL

Figure 86: Illustration of the strip assay used to validate the binding of Au@Streptavidin in flow and
to optimise the flow conditions.
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Initial blocking conditions were taken from literature and used 0.1% Tween 20 in
PBS as the running buffer. Tween 20 is (also known as polysorbate 20) is a non-

ionic surfactant used in lateral flow tests as a wetting agents to allow the

nanoparticles to flow into the strip.
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Figure 87: A) Image of a control experiment and strip imaging; B) strip 1 run with 0.2% Tween 20;
C) strip 2 run with 0.2% Tween with 0.1% BSA

The image (Figure 87) shows two strips run with and without 0.1% BSA in the
running buffer, both with 0.2% Tween. The BSA-free strip (B) showed a signal at
both the test and control lines indicating that there was non-specific binding of
Au@Streptavidin to BSA. The control line showed much stronger binding than the
test line and both showed a similar peak shape indicating that the majority of the

binding occurred on the leading edge of the printed line.

Upon addition of 0.1% BSA the non-specific binding to the BSA line was

suppressed but this also coincided with a 35% reduction in the peak intensity of the
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control line. This showed that optimisation of the running buffer would be vital to

maintaining as strong of a signal as possible while suppressing non-specific binding.
The complexity of these interactions is often difficult to unpick with a standard one-
by-one experimental methods, so here a Design of Experiments (DoE) approach was

applied.

Au@Streptavidin Biotinylated BSA capture

A four level, two factor full factorial design was chosen to screen the full range of

BSA and Tween 20 concentrations seen commonly in the literature.

Table 6: Factors and their levels used to generate the DoE for the optimisation of the running buffer.
Levels were the percentage of the reagents (Tween 20 / BSA) in a 1x PBS solution.

Factors Levels (% wiw)
Tween 20 0.01 0.1 1 10
BSA 0.01 0.1 1 10

The streptavidin-biotin binding pair is well known to be resistant to surfactants and
has been shown to tolerate high percentages of Tween in a running buffer.X®® The
percentages of BSA were chosen to match the range of Tween and screen the widest

useable space for the running buffer.
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Table 7: Experimental design of 24 full factorial DoE as generated by Minitab with a run order
assigned from random ordering of the standard order. Line Intensity was measured from peak

integrations after removing the influence of any non-specific binding to a BSA ‘test’ line.

BSA Line Intensity (BBSA-

Standard Order Run Order Tween 20 % % BSA)

12 1 1 10 0

14 2 10 0.1 219

13 3 10 0.01 180

10 4 1 0.1 148

2 5 0.01 0.1 90

9 6 1 0.01 113

11 7 1 1 0

16 8 10 10 0

1 9 0.01 0.01 0

8 10 0.1 10 0

5 11 0.1 0.01 86

15 12 10 1 182

7 13 0.1 1 37

6 14 0.1 0.1 131

3 15 0.01 1 0

4 16 0.01 10 0

This experimental design resulted in 16 experiments that were run simultaneously

(Table 7). Analysis of these experiments (Figure 88) showed the strong benefit of

maximising the amount of Tween while minimising the BSA percentage.

Figure 88: Contour plot of the DoE optimisation of signal intensity resulting from a screening of
Tween and BSA percentage in the assay running buffer. The corrected line intensity (BBSA-BSA)

Tween 20 %

Contour Plot of Line Intensity (BBSA-BSA) vs Tween 20 %, BSA %

Line Intensity
(BBSA-BSA)
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was found to be improved by maximising the Tween 20 and minimising BSA levels.
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There were several experiments that were worth highlighting as part of this
optimisation study. At the two extremes of the experiment different behaviours were
observed. At the lowest concentrations (0.01% Tween, 0.01% BSA) the
nanoparticles would not flow through the strip at all, with the nanoparticles stuck at

the meniscus line from where the strip was immersed in the nanoparticle solution

(Figure 89).
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Figure 89: Image analysis of a low concentration runs from the DoE optimisation experiments. Peak
integration 183, Peak height 6. Nanoparticles stuck at the base of strip, no peaks found at either the
test or control line.

At the opposite extreme, where Tween and BSA concentration was maximised the

nanoparticles flowed into the strip, but the high levels of blocking stopped any

interactions taking place (Figure 90).
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Figure 90: Image analysis of a high concentration run from the DoE optimisation here, Tween + BSA
10% no peaks found at either the test or control lines. A minor mark on the strip is in the region of the
control line but is most likely due to deformation of the nitrocellulose membrane during handling,
which can restrict nanoparticle flow.

As the contour plot (Figure 88) shows there was a strong effect from the addition of
more BSA to the running buffer while the binding interaction was generally highly

resistant to the addition of more Tween. The optimal running buffer conditions were

10% Tween and 0.2% BSA.

Au@BBSA Streptavidin Capture

To validate the binding behaviour of Au@Streptavidin in a lateral flow assay
positive control particles were required and biotinylated BSA (BBSA) was used to
synthesise functional gold nanoparticles that would be captured by streptavidin
(Figure 91). Au@BBSA was synthesised through straightforward addition of
biotinylated BSA (Abcam 1 mg/mL in PBS) to Au@Citrate. While there was no
noticeable change in the peak absorbance wavelength in UV-Vis spectroscopy there

was a measurable shift in DLS and zeta potential measurements that suggested
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functionalisation had occurred. The change in zeta-potential was similar as that seen

in the synthesis of Au@Streptavidin.

09 —— Au@BBSA
Au@BBSA 0.8 Au@Citrate
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Size (nm) Wavelength (nm)
Z-Average Intensity Zeta Potential /
Mapis/pm  DLS/nm D! mvV SDimv
Au@Citrate 521 23.9 21.2 0.14 -27.8 7.3
Au@BBSA 520 27.9 128 0.2 -11.0 14.9

Figure 91: Characterisation of Au@BBSA synthesis through DLS (left) and UV-Vis (right) post-

purification.
To validate the use of streptavidin as the capture agent, a test line of streptavidin (1
mg/mL) was challenged with Au@BBSA (10 pL, 1 OD). The control line

biotinylated BSA, acted as a negative control, where there should be no binding of

the Au@BBSA (Figure 92).

.

@ =
G777

AuNPs 1 OD TestLine Control Line
in Running Streptavidin B-BSA 1 mg/mL
Buffer 1 mg/mL

Figure 92: Illustration of the strip assay used to validate the binding of Au@BBSA to a Streptavidin
test line in Flow.
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Three running buffer conditions were trialled with Au@BBSA. Based on the earlier
optimisation the surfactant was maintained as Tween 20 at 10% w/w. A negative
control run with Au@ Streptavidin was also performed to verify that there was no
non-specific binding between Au@Streptavidin and the streptavidin test line (Figure

93).

1%
—0.2%
0%

@
=]
1

S
=)
1

Offset Average Pixel Intensity
S
!

T T T T T T
0 100 200 300 400 500 600
Pixel

Figure 93: Image analysis of the control assay with Au@BBSA capture by streptavidin with running
buffer BSA concentrations at 0, 0.2 and 1% and right associated strip images.

Increasing the percentage of BSA in the running buffer from 0 to 0.2% showed a
large decrease in the test line signal with only a minor reduction in non-specific
binding. Even at the highest percentage of BSA the non-specific binding was still
present while the test line signal was entirely suppressed. These results showed that
the AU@BBSA — Streptavidin interaction was more strongly suppressed by the

addition of BSA than Au@Streptavidin— BBSA.

Au@Strep-12 Conjugate Binding Control.

The next part of validating the binding of the particles in flow was to challenge the

nanoparticles with 12 in the running buffer (Figure 94).
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Figure 94: Illustration of strip design to test the non-specific binding of an Au@Streptavidin+12
conjugate
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12 (13, 1.3 and 0.13 pM) was used in conjunction with the standard running buffer

of 10% Tween and 0.2% BSA and the Au@Streptavidin.
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Figure 95: Image analysis of control assay with Au@Streptavidin with the addition of 12 at 13, 1.3
and 0.13 pM testing for non-specific binding with a BSA test line, and associated strip images (right).

As the concentration of 12 was decreased, there was an increase in the intensity of

the control line and a minor peak of non-specific binding in the ‘test line’ (Figure

95). This is in line with the expected behaviour as 12 binds into the available

streptavidin binding sites which act to block binding to the control line. There was a
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slight peak at the test line in each strip but only at the highest concentration did this

test line peak rise significantly above the background.

The reduction in the control line intensity was not enough to cause a problem with
the identification and suggests that there was not complete saturation of the
streptavidin binding sites. These control experiments validated the relevant binding

pairs and bacteria testing was analysed next.

5.4.2 Bacteria Testing

To assess the efficacy of the assay components in the detection of bacteria in flow
two assay design were used. The first assay design was a simplification of the full
sandwich assay where E. coli was incubated with 12 under the conditions used in the
previous labelling experiments, then washed to remove excess 12, before being

printed as the test line on the membrane (Figure 96).

‘Half’ Sandwich Assay

& !

D)
T2/

AuNPs 1 OD Test .Line Control Line
in Running Bacteria + 12 BBSA 1 mg/mL
Buffer

Figure 96: Illustration of a strip design for the capture of Au@Streptavidin with E. coli+12 conjugates
making up one half of a sandwich assay

This ‘half sandwich’ assay design essentially bypasses the capture step of the
standard sandwich assay design. By fixing the bacteria to the test line position just
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the binding of the nanoparticles to the bacteria can be isolated from the rest of the

test’s functions. This also serves as a platform to optimise some of the parameters for

the bacteria detection assay.

Some limitations to this method were in the printing the test line with bacteria as the

inkjet style spotting system required passing the solution through a small aperture.

This limited the total concentration of bacteria solution possible to print (<1 OD)

and combined with the relatively small print volume (0.63 pL), the total number of

bacteria was low (< 10* bacteria per test line).

Half Sandwich Assays

Screening Polymyxin Concentration against E. coli

This was performed with a range of probe concentrations (1, 10, 100 uM) and across

a range of bacteria concentrations (0.1, 0.5, 1 ODsoo). Each set of runs was

performed with an internal control of unlabelled bacteria printed.
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Figure 97: Image analysis of half sandwich assay with a test line printed with E. coli at 1 OD labelled

with compound 12 at 100, 10, 1 and 0 uM, and right associated strip images.
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Initial tests with the E. coli test line printed at 1 OD showed strong labelling at the
highest concentration of 12 with a decrease in labelling as concentration was reduced
(Figure 97). There appeared to be a proportion of non-specific binding in the control
experiment (0 M), but this was absent in other experiments with lower
concentrations of 12. Reducing the concentration of the printed E. coli down to 0.5

OD showed a similar trend (Figure 98).
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Figure 98: Image analysis of half sandwich assay with a test line printed with E. coli at 0.5 OD
labelled with 12 at 100, 10, 1 and 0 uM, and right associated strip images. Note the artefacts at <50
pixels in the 100 uM and 0 UM runs are from a slight misalignment of the strips in the holder.

Reducing the E. coli concentration down to 0.1 OD showed complete loss of signal

at the test line for both the labelled and unlabelled bacteria (Figure 99).
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Figure 99: Image analysis of half sandwich assay with a test line printed with E. coli at 0.1 OD
labelled with 12 at 100, 10, 1 and 0 uM, and right associated strip images.

The disappearance of binding in the unlabelled strip would suggest that the binding
might have been tied to printed E. coli concentration (reduction from 10* to 103
bacteria per test line). Looking across the strips with 100 uM (Figure 100) there was
a 27 % decrease in peak integration when bacteria concentration was halved from 1

OD to 0.5 OD, below 0.1 OD this fell below detection limits.
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Figure 100: A comparison of half sandwich assays where E. coli was labelled with 12 at 100 uM
across 1, 0.5 and 0.1 OD bacteria concentrations and right: associated strips.

This suggests that the limit of detection of the assay as designed is between 1 and 0.1

OD which is in the range of 10’-10° CFU/mL which is significantly above all other
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available bacteria detecting lateral flow tests. However, there must be a
consideration for the low volume of bacteria solutions used in the generation of these
assays. The total volume of bacteria solution deposited on the test lines was 0.63 pL
per strip (approximately 10*- 10° bacteria for 1 OD - 0.1 OD solutions) compared to
the total volume used in commercial lateral flow tests (approximately 100 pL) with

capture in flow.

Full Sandwich Assays

Pre-labelled E. coli

Here, E. coli was pre-labelled with 12 before being added to the running buffer along
with Au@Streptavidin. The combined mixture was then allowed to run through the

strip before being imaged.

WMM

Au@Strep 1 Test Line Control Line
oD Streptavidin  ggsa 1 mg/mL
E. Coli + 12 1mg/ mL

Figure 101: lllustration of the full sandwich assay design used where E coli labelled with 12 and
Au@Streptavidin are flowed through the strip to be captured on the test line loaded with streptavidin.

With zero incubation time (Figure 102) there was no binding seen at 1 uM labelling

but at 10 puM a faint test line was seen.
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Figure 102: Image analysis of the full sandwich assay run with pre-labelled E. coli (1 OD, 100, 10, 1
UM) and tested with Au@Streptavidin (1 OD, 10 pL) with no incubation time before running, and

associated strips.

For the highest concentration run a large degree of binding was seen where the test

strip was immersed into the test solution, presumably the bacteria were not flowing

into the strip. The higher incubation time showed an increase in both signal at the

test line at 100 and 10 uM along with capture of nanoparticles at the immersed end

of the strip.
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Figure 103: Image analysis of the full sandwich assay run with pre-labelled E. coli (1 OD, 100, 10, 1
UM) and tested with Au@Streptavidin (1 OD, 10 pL) with a five-minute incubation time before

running, and associated strips

168



The pixel intensity at the test lines was only barely above baseline so was not
identified as a peak through the image analysis but were apparent from the greyscale
images. These two tests (Figure 102 and 103) suggested that there was in situ
labelling of the E. coli with the Au@Streptavidin and that the labelling was broadly
insensitive to incubation time. However, the capture of nanoparticles at the

immersed end of the strip was consistent across both incubation times.

The capture of AuNPs at the bottom of the test strip due to Au@Streptavidin
labelling the bacteria but the bacteria not flowing through the strip. The effect of

increasing the percentage of BSA in the running buffer was briefly revisited (Figure
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Figure 104: Image analysis of full sandwich assay where pre-labelled E. coli (1 OD, 100 uM) was run
with Au@Streptavidin (1 OD, 10 uL) with altered running buffer (10% Tween and BSA (0.2%, 1%,
10%)) and associated strips.

The resulting strips from the higher percentage of BSA (Figure 104) showed results
consistent with the initial running buffer optimisation experiment. An alternative
method for identifying the cause of the nanoparticle capture was to increase the

number of bacteria added to the assay by increasing the volume of E. coli added to

the test at 1 OD (Figure 105).
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Figure 105: Image analysis of full sandwich assay where pre-labelled E. coli (1 OD, 100 pM) was
added at increasing volumes (1.5, 5 and 10 pL) then run with Au@Streptavidin (10 pL) and
associated strips.

The result appeared to be a loss of binding at both the base of the assay and on the
test line. This result suggests that the issue with the assay design was an inability for
the bacteria to flow through the nitrocellulose membrane. This would cause the
nanoparticles bound to the bacteria to be trapped in the running solution and

concentrate at the base of the strip. The higher loading of the bacteria increases the

trapping of nanoparticles.

Screening Nitrocellulose membrane pore size

To investigate this issue the assay was remade with a range of nitrocellulose
membrane pore sizes using Merck Hi-Flow™ HFC135, 120, 90 and, 75 membranes
(these manufacturer labels denote average speed of flow measured in seconds over 4
cm on a 10 mm wide membrane, with the higher numbered membranes having
smaller pore sizes). The test and control lines were printed under the same conditions

and the assays used E. coli labelled with 12 (100 uM) and washed (Figure 106).
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Figure 106: Image analysis of full sandwich assay run with E. coli (2 OD, 1.5 pL) with
Au@Streptavidin (1 OD, 10 uL) in the standard running buffer with associated (right) strips.
Nitrocellulose membrane varied from 135 (smaller pores) to 75 (larger pores). All membranes were
printed with a test line of streptavidin (1 mg/mL) and a control line of BBSA (1 mg/mL) and dried
overnight at 37 °C.

The image analysis of the strips (Figure 106) showed detection of E. coli on all of
the strips suggesting that the pore sizes cut of the Merck Hi-Flow™ HFC135
membranes allowed bacterial flow (unlike the Whatman membrane). Both by peak

heights and integrations there is not a major difference at the test line across the 135-

75 range (Figure 107).
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Figure 107: Peak analysis of nitrocellulose membrane variation experiment showing Peak Height
(Left) and Peak integrations (Right) at the bottom of the strips, test and control lines. Bottom of strip
peak in HFC75 membrane was not significantly above background.
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This series of experiments has shown the development of a sandwich assay lateral
flow test that can successfully detect E. coli. Based on this final experiment there
was strong detection of approximately 3 x 10° bacteria (based on 1.5 pL, 2 OD E.
coli added to the assays) and future development of this assay could explore the
lower limit of detection. This would have to be paired with more optimisation
studies to improve the flow of E. coli further as even with the change in
nitrocellulose pore sizes there was still entrapment of bacteria at the bottom of the

strip.

Additionally, as the test is further developed, the introduction of sample, conjugate

and absorbent pads would have to be investigated. Each of these elements would

improve the detection limits of this assay and make it more sensitive. An exploration

of a wider range of bacteria species, including clinical samples and antibiotic

resistant strains would be particularly relevant.
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Conclusions & Future work

The result of this work has shown the development of a Gram-negative selective
binding agent in compound 12 that allows for the application of a variety with
Streptavidin based secondary binding assays. This secondary binding allowed for the
labelling of E. coli selectively with both a fluorescent streptavidin and with gold
nanoparticles functionalised with streptavidin. To implement these in a lateral flow
test system was developed and it was shown that E. coli could be detected using
nanoparticles flowing through the membrane. This resulted in a proof-of-concept
lateral flow system that could detect E. coli using an antibiotic based binding agent

showing that such an assay is possible to produce without antibodies or aptamers.

This opens a new path for the development of novel lateral flow tests which could be
expanded on in two primary ways. The first is further development of the lateral
flow assay reported in this thesis with additional exploration of each system (probe
and nanoparticles) to improve sensitivity and streamline use by eliminating steps
such as the pre-incubation of bacteria. The second would be to expand the range of
binding agents to a wider variety of target analytes. The simplest path forward would
be to look at other antibiotic based probes and substitute them into the described

assay test system.

The relatively straightforward and robust binding system of a streptavidin-biotin pair
system removed many of the complications and allows for the more rapid generation

of future tests based on small molecules/antibiotics.
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6 Experimental

Chapter 3

Materials and Methods

Chemicals used in this work were purchased from Sigma Aldrich, Merck, Acros, and
Fluorochem. Commercially available reagents were used without further
purification. NMR spectra were recorded at 298 K in deuterated solvents using
Bruker AVAG00 (600 MHz) or a Bruker AVA500 (*H 500 MHz, *C 126 MHz)
spectrometer. Chemical shifts are reported in ppm and are referenced to the residual
non-deuterated solvent peak. Normal phase column chromatography was carried out
on silica gel 60 (230—400 mesh). Analytical reverse-phase high-performance liquid
chromatography (RP—HPLC) was performed on an Agilent 1100 system equipped
with a Phenomenex Kinetex® 5 pm XB-C18 100 A LC Column (50 x 4.6 mm) with
a flow rate of 1 mL/min. A gradient of HoO/CH3CN (95/5) to H.O/CH3CN (5/95)
with 0.1% HCOOH, over 6 min, holding at 95% CH3CN for 3 min, followed by 1
minutes isocratic elution with detection at 254 nm and by evaporative light

scattering.

Semi-preparative RP—HPLC was performed on an Agilent 1100 system equipped
with a Zorbax Eclipse XDB-C18 reverse-phase column (250 mm x 10 mm, 5 pm)
with a flow rate of 2 mL/min and eluting with a gradient of H.O/CHsCN (95/5) to

H20/CH3CN (5/95) with 0.1% HCOOQOH, over 20 min.

Electrospray ionization mass spectrometry (ESI-MS) analyses were carried out on
an Agilent Technologies LC/MSD Series 1100 quadrupole mass spectrometer

(QMS). High Resolution MS were performed on a Bruker microTOF focus 11 mass
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spectrometer. Plate-reader measurements were performed on a Biotek Synergy HT
multi-mode reader. Absorbance spectrometry was performed on an Agilent 8453

absorbance spectrometer.

Automated Column chromatography was performed on the Biotage® Isolera™ One
Flash system. Microwave reactions were performed in a Biotage® Initiator+

microwave reactor.

Bacterial Cell Culture

Microbial cultures (Bacillus Subtilis (Ehrenberg) Cohn 6051 and Escherichia coli
DH5a were grown from single colonies on agar plates and incubated overnight at 37
°C in nutrient media or Luria Bertani liquid medium (10 mL) respectively in a
shaking incubator at 37 °C. The overnight cultures (late-log phase) were centrifuged
at 6000 rpm for 3 minutes and the pellet washed (2x) into phosphate buffered saline

(PBS) and adjusted to the required ODsqo .

Confocal Fluorescence Microscopy

u-Slide 15-well glass bottom confocal chambers (Ibidi) were coated with poly-D-
lysine (50 pL, 0.1 mg mL ™t in PBS) for 20 minutes at 37 °C, after which the wells
were washed with PBS. The prepared samples in the slide chambers were imaged on
a Leica SP5 confocal microscope (excitation: 561 nm, 20%, HyD detector: 570-600
nm with gain 100, bright field PMT trans-detector with 200 gain). HCX PLAPO
100x oil immersion objective lens was used and zoom set to 2x. Fluorescence signal
captured with Leica HyD detector. Digital acquisition of images was done using a

Leica LAS-AF.
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Concentration Optimisation and Off-target-labelling

Individual aliquots of 200 uL of bacteria culture (E. coli / B. subtilis) was prepared
in PBS at a concentration of 0.5 ODeoo in Eppendorf tubes and 12 was added to each
to achieve final concentrations of 0-50 uM. The tubes were vortexed for 1 minute
before placing in a shaking incubator set at 37 °C for 1 hour. After incubation the
tubes were centrifuged (6000 rpm, 3 minutes), the supernatants were removed, and
the pellets re-suspended in 200 uL of PBS by pipette aspiration. 2 uL ofa 1 mg/mL
stock solution of Streptavidin-555 (iFluor™ 555-streptavidin conjugate, Stratech
16989-AAT) was added to each tube and vortexed for 2 minutes before moving to a
shaking incubator at 37 °C for 30 minutes. A final washing step (3 x 6000 rpm, 3
minutes, 200 uL PBS) removed unbound streptavidin before addition of a 50 uL.
aliquot to the poly-D-lysine coated slide chamber. The slide was incubated in a plate
incubator at 37 °C for 30 minutes for the bacteria to attach to the surface. The excess
solution was then removed and the slide was washed (2x) with PBS before drying

and imaging.

Incubation Time Optimisation

1000 pL of bacteria culture (E. coli / B. subtilis) was prepared in PBS at a
concentration of 0.5 ODgoo. Compound 12 was added to a final concentration of 10
uM. At each time point, 200 pL of this mixture was removed and subjected to the
same labelling protocol described in the concentration optimisation experiment (but

with the incubation time with streptavidin being reduced from 30 to 5 minutes).
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Microscopy Image Analysis

Quantitative analysis was based on the corrected total cell fluorescence method
described by McCloy et al.?%® images were analysed by Image J (using the plug-in
Fiji, National Institutes of Health). To perform this analysis, 15 bacteria distributed
over the area of interest were selected and their fluorescence intensity measured.
Background correction was done by finding an average background fluorescence
intensity using 15 random spots without bacteria and subtracting this from each
bacteria fluorescence intensity measurement. The background corrected bacteria
fluorescence intensity was then averaged to provide a mean fluorescence intensity

and to calculate standard deviations.

Figure 108: Example of analysis selection of 15 random bacteria (yellow) and 15 random positions of
background (Green) that were used for ImageJ analysis. Images shown are the brightfield (left) and
the fluorescence (right) on which the analysis was done. A merged image shows where bacteria were
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non/weakly fluorescent were also included to make sure that selection was representative of the whole
population.

HABA - Streptavidin Assay

HABA stock solution was prepared (10 mM in water) and adjusted to pH 9 with 1N
NaOH prior to the experiment. Streptavidin (Streptavidin from Streptomyces
avidinii, Sigma-Aldrich S4762) was assumed to be 100% pure 66kDa protein with 4

binding sites available and used as received.

Streptavidin was diluted to 0.5 mg/mL in PBS (485 pL, 7.6 uM) and saturated with
HABA (15 puL, 10 mM) for 15 minutes to generate a HABA-Streptavidin complex
‘test solution’. 45 pL (7.4 uM Streptavidin, 0.3 mM HABA) of this test solution was
added into the well of a 96 well plate before the addition of Biotin or 9 (5 pL, 0.5
mM) and mixed via pipette aspiration (3x) before the absorbance spectra were

measured on a plate reader.
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Synthetic procedures

2 Polymyxin Nonapeptide (PMBN)

The synthetic procedure was performed as described in literature.r®® Thus,
polymyxin B sulfate (10 g) and Papain (1.2 g) were added to deionized water (250
mL) and toluene (2 mL). The mixture was heated to 55 °C and stirred until both
components were fully dissolved (10 minutes). The flask was loosely stoppered, and
gently stirred at 55 °C overnight. The stirring was increased, and the temperature
raised to 100 °C for 30 minutes to denature the papain which precipitated from the
solution. This precipitate was removed by centrifugation followed by filtration
through filter paper. The filtrate was concentrated in vacuo and lyophilised yielding
a crude mixture of compound 2 (7.4 g) as an off-white powder which was used in the

next step without further purification.

HPLC tr eLsp) 0.71 min. LCMS (ESI+) calc. Ca3H74N14011 m/z = 962.6, found m/z =

963.2 [M+H]*.
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3 PMBN-Boc4

Optimised Method

Compound 2 (10 g, 7.8 mmol, 1.0 equiv.) was dissolved in a mixture of
H>O:Dioxane:EtzN (150 mL, 1:1:1, 0.05 M) and a solution of 2-(Boc-oxyimino)-2-
phenylacetonitrile (7.7g, 31 mmol, 4.0 equiv.) in dioxane (3.5 mL) was added at 24
°C. Conversion was monitored by RP-HPLC and additional aliquots of Boc-ON (0.2
g 0.77, 0.10 equiv) were added until <1% under protected material remained.
Solvents were removed under reduced pressure and the crude residue was dissolved
in methanol (30 mL), then filtered. The methanolic solution was added to an excess
of cold diethyl ether (500 mL) and the precipitated PMBN-Bocs was isolated via
filtration. Crude PMBN-Bocs was split into two equal batches and dry loaded onto
silica (8 g). Then each batch was subjected to automatic flash column
chromatography (silica gel, Biotage Sfar 100 g) using a gradient elution 2-10%
DCM/MeOH (1% NHs). Both batches were combined post purification to yield 3 as

a beige powder (3.8 g, 37%)

HPLC tr ELsp) 4.53 minutes LCMS (ESI+) calc. CesH10sN14019 m/z = 1362.8, found

m/z = 1363.3 [M+H]".
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HPLC and mass spectrometry were the primary methods uses to determine
compound identity and purity in line with other synthetic reports of PMBN-Boc,.8?
Due to the highly overlapping nature of the amino acid protons in PMBN only a
partial assignment of the NMR spectrum was performed. The key signal for the
successful Boc protection was evident at 1.44 ppm. Partial assignments were based
on literature studies on Polymyxin B.2° For PMBN derivatives, comparative spectra

are provided.

& n (500 MHz, Methanol-da) 7.32 — 7.20 (5 H, m, y-Ph, 6-Phe), 4.55 (1 H, s), 4.46 —
4.38 (L H, m), 4.35 (1 H, dd, J 10.2, 5.9), 4.31 — 4.23 (2 H, m), 4.16 — 4.05 (2 H, m),
4.03 (L H, d, J3.6),3.59 —3.49 (L H, m), 3.35 (L H, s), 3.29 - 3.19 (2 H, m), 3.19 —
2.91(7H, m), 2.22 -2.12 (L H, m), 2.12 — 1.95 (4 H, m), 1.94 — 1.70 (5 H, m), 1.44
(36 H, s, CHs Boc), 1.39 — 1.25 (2 H, m), 1.22 (3 H, d, J 6.4, CH3 2-Thr), 1.20 (3 H,
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d, J 6.4, CHs 9-Thr), 0.93 — 0.83 (2 H, m CHz 6-Leu), 0.72 (3 H, s, CH3 6-Leu), 0.69

—0.62 (3 H, m, CHs 6-Leu).
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PMBN-Boc4 Synthesis Optimisation Experiments

Literature Method!82

This method was used prior to the optimisation experiments and was used in early

purification experiments (Section 3.2, Tables 1,2 Purifications A-K,)

Compound 2 (1.0 g, 0.8 mmol, 1.0 equiv.) was dissolved in a mixture of
H>O:Dioxane:EtsN (15 mL, 1:1:1, 0.05 M) and a solution of 2-(Boc-oxyimino)-2-
phenylacetonitrile (0.9 g, 3.6 mmol, 5 eq) in dioxane (3 mL) was added. The solution
was stirred for 20 minutes at room temperature before being quenched with

methanolic ammonia (4.0 M solution, 10 mL). Solvents were removed under reduced
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pressure. The crude solid was re-dissolved in methanol and precipitated in cold
Diethyl Ether (50 mL), collected and dried yielding the crude 3 product. The

resulting crude was purified by chromatography on a silica gel column.
Boc-ON / Bocz20 time-dosed addition method

Compound 2 (1.0 g, 0.8 mmol, 1.0 equiv.) was dissolved in a mixture of
H20:Dioxane:EtsN (15 mL, 1:1:1, 0.05 M) and held at 24+1 °C. To this, a solution
of 2-(Boc-oxyimino)-2-phenylacetonitrile (1.3 g, 5.3 mmol, 6 equiv.) in dioxane (4
mL), or Di-tert-butyl dicarbonate (1.1g, 5 mmol, 6 equiv.) in Dioxane (4.5 mL) was
added to the reaction via syringe pump over the course of 4 hours. Every 30 minutes
a 100 pL aliquot was taken from the reaction mixture and was subjected to a mini-
work up (quenched with methanolic ammonia (4.0 M solution, 500 pL), evaporated
to dryness then re-dissolved in 200 pL methanol before precipitation with cold
Diethyl Ether (500 pL). The collected precipitate was dissolved in 300 pL of 1:1
H>O:Acetonitrile). RP-HPLC / LCMS monitoring was performed with the standard
elution method using a 30 L injection. Once the dosing of respective Boc-reagent
was complete, the reaction was left stirring overnight with an ‘overnight” aliquot

taken 12 hours after dosing was finished.
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Identification of PMBN-Bocx

LCMS was used to identify each of the peaks seen in HPLC analysis. Peak masses
were matched to the corresponding PMBN-Bocx species however the exact

structural isomers present were not individually characterised.

PMBN-Boc:

LCMS 3.0 — 3.3 minutes (ESI+) calc. CagHg2N14013 m/z = 1063.3, found m/z =

1063.5 [M]".
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LCMS 3.5 — 3.8 minutes (ESI+) calc. CsaHgoN14015 m/z = 1163.4, found m/z =

1163.5 [M+].
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PMBN-Bocs

LCMS 4.1 — 4.3 minutes (ESI+) calc. CsgHogN14O17 m/z = 1263.5, found m/z =

1263.8 [M]".

| *MSD1 SFC, time=4.168:4.214 of C:\CHEM22\1\DATAWAR2021'\NEW-LCMS 2021-02-11 24891010-0201.0 ES-API, Pos, Scan, Frag
o
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PMBN-Bocs

LCMS 6.3 — 6.8 minutes (ESI+) calc. CegH114N14021 m/z = 1463.7, found m/z =

1463.7 [M]*.
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CF2

LCMS 5.7 — 5.9 minutes (ESI+) calc. C1sH3sN20s m/z = 358.5, found m/z = 357.3

[M-H]
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PMBN-Conjugate Synthesis

4 (3R)-N-hydroxysuccinimidyl liponate

The synthetic procedure was performed as described in literature.’®* To a solution of
(R)-(+)-a-Lipoic acid (0.995 g, 4.82 mmol, 1.0 equiv.) in acetonitrile (75 mL), N-
hydroxysuccinimide (0.790 g, 6.89 mmol, 1.4 equiv.) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (1.22 g, 6.36 mmol, 1.3 equiv.)
were added and the reaction was stirred overnight at 20 °C. The solvent was
evaporated under reduced pressure and the residue was dissolved in dichloromethane
(100 mL). The organic phase was washed with a saturated solution of NaHCOs3 (100
mL) and with brine (100 mL), dried over Na2SOs, filtered and evaporated under

reduced pressure to give compound 2 as a yellow solid (1.09 g, 74%).

HPLC tr ELsp) 5.36 minutes LCMS (ESI+) calc. C12H17NO4S, m/z = 303.39 found
m/z = 304.1 [M+H] *.

'H NMR (500 MHz, Chloroform-d) 3.62 — 3.54 (1 H, m, Hs), 3.22 — 3.08 (2 H, m,
Hi), 2.83 (4 H, s, Hio), 2.63 (2 H, t, J = 7.4 Hz, H7), 2.50 — 2.43 (1 H, m, Has), 1.97 —
1.88 (1 H, m, Hay), 1.83—1.74 (2 H, m, He), 1.74 — 1.66 (2 H, m, Hs), 1.63 — 1.51 (2
H, m, Hy).

13C NMR (126 MHz, Chloroform-d) 5 169.1, 168.4, 56.1, 40.2, 38.5, 34.4, 30.8,

28.3, 25.6, 24.4.

Analytical data were in accordance with the published literature. 184
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5 Lipoic acid-PMBN-Bocs

OH o _NH 10 N o
H H
\)J\ HN o}
HN N
H
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o NHo L HNT oo
HN_ _O N
\I& o7 N)J\O
"
o o
\’<HO
S/S
5

To a solution of 3 (117 mg, 0.085 mmol, 1 equiv.) in DMF (1.5 mL) was added 4 (20
mg, 0.094 mmol, 1.1 equiv.) and DIPEA (17 pL, 0.10 mmol, 1.2 equiv.). The
reaction mixture was stirred at room temperature overnight and monitored via RP-
HPLC until conversion stopped. Cold water (10 mL) was added to precipitate the
crude product which was collected by filtration and purified by column
chromatography (silica gel) eluting with DCM with MeOH (5%) yielding compound

11 (95 mg, 81%) as a beige solid.

HPLC tr Lsp) 6.31 min. HRMS (ESI+) calc. C71H118N14020S2 m/z = 1551.8161

found m/z = 1551.8159 [M+H] *.

8 n (601 MHz, Methanol-ds) 7.28 — 7.17 (5 H, m), 4.43 — 4.17 (8 H, m), 4.11 — 4.07
(2 H, m), 4.00 (1 H, d, J 3.5), 3.73 - 3.66 (1 H, m), 3.65 — 3.45 (3 H, m), 3.29 — 2.83
(7H, m), 2.64 (5 H, s), 2.48 — 2.38 (1 H, m), 2.37 — 2.26 (2 H, m), 2.27 — 2.09 (1 H,
m), 2.02 — 1.97 (3 H, m), 1.90 — 1.47 (8 H, m), 1.40 (36 H, s), 1.36 — 1.21 (7 H, m),

1.20 - 1.07 (6 H, m), 0.89 — 0.80 (2 H, m), 0.69 (3 H, s), 0.63 (3 H, d, J 5.2).
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6 Lipoic Acid-PMBN

NH,

To compound 12 (94 mg, 0.59 mmol) in DCM (4 mL), was added of a 20% solution
of TFA in DCM (10 mL). The mixture was stirred for 2 h before concentration under
vacuum. The resulting oil was treated with water (2 mL) then lyophilised to yield

compound 13 as a TFA salt (94 mg, 100%) as a white powder.

HPLC tr ELsp) 10.96 minutes HRMS (ESI+) calc. CsiHgsN14012S2 m/z = 1151.6064,

found m/z = 1151.6060 [M+H] *.

8 1 (601 MHz, Deuterium Oxide) 7.37 — 7.18 (5 H, m), 4.55 (1 H, t, J 8.3), 4.46 —
4.41 (1 H, m), 4.32 - 4.10 (4 H, m), 3.68 — 3.62 (1 H, m), 3.33 — 2.99 (13 H, m),
2.96 (LH,s), 2.84 —2.79 (4 H,m), 2.73 (2 H, s), 2.67 — 1.67 (9 H, m), 1.63 — 1.55 (4
H, m), 1.48 — 1.34 (4 H, m), 1.30 - 1.26 (1 H, m), 1.25 — 1.20 (1 H, m), 1.20 — 1.13

(6 H, m), 0.84 (1 H,s),0.73 (3H, d, J 6.6), 0.66 (3 H, d, J 6.5).
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8 Biotin-PMBN-Boca

O

HN/[Z u ﬁ)} o]
\G(;IW _k

8

(e}

(+)-Biotin N-hydroxysuccinimide ester (7) (20 mg, 0.055 mmol, 1.5 equiv.) and
EtsN (5 pL, 0.040 mmol, 1.1 equiv.) were dissolved in DMF (3 mL) and stirred for 1
min. PMBN-Bocs (50 mg, 0.036 mmol, 1.0 equiv.) was added and the reaction
mixture was stirred at room temperature overnight. The reaction solvent was
removed in vacuo and the resulting solid was subjected to silica gel column

chromatography (DCM/MeOH) yielding 8 as an off white solid (32 mg, 55%)

HPLC tr (ELSD) 5.50 minutes HRMS (ESI+) calc. CsHi21N1602:1S1 m/z = 1590.8686,

found m/z = 1590.8677 [M+H]".

8 1 (500 MHz, Methanol-ds) 7.33 — 7.21 (5 H, m), 4.52 — 4.47 (1L H, m), 4.46 — 4.29
(4 H, m), 4.29 - 4.23 (1 H, m), 4.17 — 4.10 (2 H, m), 4.04 (1 H, d, J 3.4), 3.29 — 3.20
(1 H, m), 3.17 — 2.89 (6 H, m), 2.75 — 2.61 (2 H, m), 2.44 — 2.32 (2 H, m), 2.20 —
1.96 (3 H, m), 1.96 — 1.52 (7 H, m), 1.46 — 1.43 (36 H, m), 1.37 — 1.27 (3 H, m),

1.23-1.17 (6 H, m), 0.97 - 0.81 (2 H, m), 0.72 (3 H, s), 0.66 (3 H, 3).
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9 Biotin-PMBN

T H(L @
" [ H /Vf

S’/\/\ﬂ/ o-\

HCI in Diethyl Ether (2M) (5 mL) was added to 8 (32 mg, 0.020 mmol) and the
reaction was stirred for 4 h. After complete deprotection of the Boc groups was
observed through monitoring (RP-HPLC), excess HCI and solvent were removed
through evaporation in vacuo yielding the final product as the HCI salt (26 mg

100%).

HPLC tr ELsp) 10.05 minutes HRMS (ESI+) calc. CssHssNisO13S1 m/z = 1189.6510,

found m/z = 1189.6503 [M+H]".

d H (601 MHz, Deuterium Oxide) 7.47 — 7.26 (5 H, m), 4.66 — 4.58 (2 H, m), 4.58 —
450 (2 H, m), 4.48 — 4.43 (L H, m), 4.37 — 4.25 (4 H, m), 4.27 — 4.20 (2 H, m), 3.43
~3.33(2 H, m), 3.26 — 3.07 (11 H, m), 3.05 — 3.00 (1 H, m), 3.00 — 2.92 (1 H, m),
2.91-2.85 (1 H, m), 2.83-2.74 (1 H, m), 2.49 — 2.35 (2 H, m), 2.35 — 2.18 (5 H,
m), 2.18 — 2.06 (1 H, m), 2.05 — 1.96 (1 H, m), 1.80 — 1.58 (3 H, m), 1.54 — 1.39 (3

H, m), 1.32 — 1.17 (10 H, m), 0.78 (3 H, ), 0.73 — 0.68 (3 H, m).

201



500

—~ 400 4
2
E 300
) 1
=
0 200
c
) J
+—
£ 100+ J
O - { A A
T T T T T T T T T !
0 5 10 15 20
Retention time (mins)
Intens. 1189.6503 +MIS, 2.2-2 Bmin #134-15
30004
1190.6546
20004
11916568
1000
11826557
1186.5809 1187.6270 11886547 na{aj(\ 11936369 11946427 11956502 11966519 1197.6136 11986424
: 2
2003 Tien s510 CaaHeahisDa, MenH, 1189.651
1500+ 1+
11906538
10004
1+
11916549
5004
us2gsEL 1
. 1193 6573
1186 1188 1190 1192 1194 119 1198 miz

202



[ r f/f//

K(m)
1.46

T (m) | X (m) D1
243 | 2.01 122

|

9.5

9.0

85

8.0

7.0

.
6.5 6.0 5.5 5.0
1 (ppm)

650

600

r550

500

r450

400

r350

300

r250

r200

r150

r100

0

r-50

o

-
%G

L]
e

8.0

7.5

7.0

6.5

- T
6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0
2 (ppm)

203

f1 (ppm)



Biotin-PMBN -Boc4

ferd e 1

|

f Ly JJ' J J ) JJIrJ) /) /

Biotin-PMBN

488 .

6
f1 (ppm)

12 Biotin-Ahx-PMBN

o o]
NH HN™ o
H
NH, N
07 NH,
H
0
HO
12

N-(+)-Biotinyl-6-aminohexanoic acid (0.11mmol, 40mg, 1.5 equiv.), HSPyU (0.15
mmol. 45 mg, 2.0 equiv.) and PMBN-Bocs (0.073 mmol 100 mg, 1 equiv.) were
added to a sealable microwave reaction vial along with DIPEA (0.22 mmol, 40 pL, 3
equiv.) and DMF (10 mL). The vial was sealed and microwave heated to 80 °C for a

series of 3 x 1 hour cycles (the reaction was monitored in between cycles by TLC
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(DCM/MeOH). The crude reaction mixture was precipitated with water and the
product was collected by filtration. To this crude filtrate was added HCI in Diethyl
Ether (2M) (5 mL) and the reaction was stirred for 4 h. After complete deprotection
of the Boc groups was observed through monitoring (RP-HPLC), excess HCI and
solvent were removed through evaporation in vacuo before purification by RP-
HPLC. HPLC fractions were collected and lyophilised yielding a white powder of 12

as the formate salt (11 mg, 10%)

HPLC tr eLsp) 2.27 minutes HRMS (ESI+) calc. m/z = Cs9H100N17014S1 =

1302.7351, Found m/z = 1302.7373[M+H]".

O H (601 MHz, Deuterium Oxide) 7.49 - 7.22 (5 H, m), 4.74 - 471 (9 H, m), 4.67 —
4.61 (1 H, m), 4.55 - 4.49 (2 H, m), 4.48 — 4.40 (1 H, m), 4.38 — 4.22 (5 H, m), 3.43
~3.34 (2 H, m), 3.23 -3.07 (12 H, m), 3.06 — 3.00 (1 H, m), 2.97 — 2.87 (1 H, m),
2.84-2.77 (2H, m), 254 —1.86 (1 H, m), 1.80 — 1.50 (4 H, m), 1.50 — 1.41 (1 H,
m), 1.41 — 1.33 (L H, m), 1.26 (3 H, d, J 6.3), 1.23 (3 H, d, J 6.3), 0.87 — 0.79 (3 H,),

(0.79—0.71 (3 H, m).
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Chapter 4

Instruments

Transmission Electron Microscope (TEM) imaging was conducted on a JEOL JEM-
1400 Plus using TAAB 3.05 mm copper grids (200 mesh, formvar/carbon support
film) and representative images were processed using Image J. All DLS and Zeta
potential measurements were performed using a Malvern Analytical Zetasizer Nano
ZS with a 633 nm laser. Accurate pH measurements were performed with the Mettler
Toledo FiveGo pH meter F2 calibrated with 3 buffer solutions (pH 4.01, 7.00, 9.21)

immediately prior to use.

Characterisation of nanoparticles was performed with particle solutions suspended in

ultrapure (18 MQ) water unless otherwise specified.
DLS

Laser power was set to automatic adjustment to maintain signal count rate between
100 — 500 kcps. Runs used a minimum volume of 500 pL in a polystyrene 3 mL

cuvette. Measurement position was fixed to the centre cell position of 4.65 mm.
Zeta Potential

A minimum volume of 800 pL in a folded capillary zeta cell (DTS1070 Malvern)

was used. Measurement position was fixed to the centre cell position of 5.50 mm.
TEM

Bacterial cultures of E. coli and B. subtilis were prepared to 1.0 ODeoo in PBS and
1000 pL of the washed culture solutions were incubated with 12 (10 uM) in an

orbital shaker at 37°C for 1 hour with a blank solution incubated with PBS under the
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same conditions. Excess probe was removed via centrifugation (2 minutes, 6000 rcf).
The bacterial pellet was resuspended in PBS (1000 pL) and a 180 pL aliquot
removed for the addition of AUNP@streptavidin solution (10 OD, 20 pL) in a buffer
solution (1x PBS, 0.2 % Tween 20 w/w, 0.2% BSA w/w), followed by vortexing and
incubation for 5 minutes. The excess nanoparticles were removed by centrifugation
(2 minutes, 6000 rcf) to selectively pellet the bacteria. The resulting labelled bacteria
were washed once with ultrapure water before being readjusted to 1.0 ODsoo, 10 L
of which was added to the copper grid. Bacteria solutions were left to sediment on
the grids for 10 minutes before excess solution was removed with filter paper.
Nanoparticle only solutions were left on the grids for 20 minutes as they were slower

to sediment.
Gold nanoparticle Synthesis

All glassware used for nanoparticle synthesis reactions were cleaned with aqua regia

prior to use.

Caution! Aqua regia is extremely corrosive and may result in explosion or skin

burns if not handled with extreme caution.

Microwave Citrate Nanoparticle synthesis

To a solution of HAuUCI4 (200 pL, 25 mM) was added a solution of trisodium citrate
dihydrate (300 pL, 34 mM) and the mixture was diluted to a final volume of 20 mL
with water in a microwave vial and sealed. The reaction was heated to 100°C and
held for 10 minutes at temperature before being cooled back to room temperature.

The nanoparticle solution was purified through centrifugation (10,000 rcf, 20
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minutes) with replacement of the supernatant with a solution of trisodium citrate (1%

wi/w) three times. The solutions were stored at 4°C.
Frens Citrate Nanoparticle synthesis

A solution of HAuUCI4 (400 mL, 250 uM) was heated to boiling before a solution of
trisodium citrate dihydrate (7.5 mL, 34 mM) was added. Heating and stirring was
maintained as the colour changed through clear, grey, blue, purple and finally a deep
red. Once the red stage was seen (approximately 6 minutes after the citrate addition)
the solution was heated for an additional 5 minutes before the heating bath was
removed and the solution allowed to cool to room temperature while stirring was
maintained. The nanoparticles were purified through centrifugation (10,000 rcf, 20
minutes) and replacement of the supernatant with a solution of trisodium citrate (1%

w/w) (three times). The solutions were stored at 4°C

Table 8: Analysis of Au@Citrate particles produced by the Frens and Microwave synthesis methods.
Data for Frens method was averaged from 4 separate syntheses. Microwave method data averaged
from 3 separate synthesise. The table summarises key characterisation data. *UV-Vis Size refers to
diameter calculated using values from the absorbance spectra processed with equation 3

: UV-Vis Intensity Zeta/ SD/
Nanoparticles Amax Size DLS / nm PDI mv =y
Microwave 521 20.2 21.2 0.14 -27.8 7.32
Frens 519 16.7 22.4 0.12 -33.5 3.73

M ic rowave Zeta Potential Distribution
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Zeta Potential Distribution
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Figure 109: Zeta Potential distribution for Au@Citrate particles produced by the Microwave and
Frens synthesis methods.

Au@Citrate ligand substitution

Compound 6 (0.03 mM stock in 18 M ultrapure water) was added to Au@Citrate
(1 mL, 1 OD, 1.68 nM calculated from UV) and mixed for 2 hours. Reactions were
visually inspected for colour changes indicating aggregation. Solutions that had not
aggregated were characterised with DLS / UV-vis measurements before purification.

Stable solutions were taken forward to the purification step.

Purification was performed by centrifuge pelleting the nanoparticles (10,000 rpm, 10
minutes) and replacement of the supernatant with ultrapure water. Solutions of
nanoparticles that did not freely redisperse on the addition of fresh solvent were

sonicated for up to 10 minutes at room temperature.

Substitution reaction used Au@Citrate Particles ‘as synthesised’ with pH measured
at5.2 + 0.3. 6 was added from stock solution with micropipette and the reaction was
manually shaken to mix before placing the Eppendorf tubes on a rotator for mixing.

Solutions were visually inspected after 2 hours and purified as described above.
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Table 9: Aggregation results observed in the synthesis of Au@6 from the substitution of Au@Citrate
used ‘as synthesised” with 6.

Aggregation

Reaction 6/nM Pre-purification Post- Purification
1.8 - -
18 - -
45 - -

84 -

168 +

1680 +

TmMmOO W >

+ + +

Follow up screening at higher pH was achieved through the addition of a pH
adjustment step prior to the addition of 6. A larger volume stock solution of
Au@Citrate (20 mL, 1 OD) was adjusted to pH 11.2 (monitored with pH probe) with

NaOH (0.2 M, 150 pL). This solution was separated into 1 mL aliquots in 1.5 mL

Table 10: Aggregation results observed in the synthesis of Au@6 from the substitution of Au@Citrate
used after adjustment of solution pH to 11.2.

Aggregation
Reaction 6/nM Pre-purification  Post- Purification Amax
G 84 - + 520
H 168 - + 525
| 1680 - + 525
J 3360 + + 561

After each purification step the pH of the solutions was monitored by universal
indicator paper. On average the pH of the solution decreased from pH 11 to pH 9
after the first centrifugation step and further reduced to 7-8 after the second

centrifugation step.

A repetition of this experiment with an alternative purification method was
performed using MWCO centrifuge filters (Amicon® Ultra-4 Centrifugal Filter Unit,
10 kDa MWCO regenerated cellulose membrane). Samples were centrifuged (5000

rcf, 5 mins) with approximately 75% of the sample volume passing through the filter
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which was replaced with water (18 MQ). This procedure was repeated 4x to return

the pH of the solution to the 7-8 range.
Au@Streptavidin

Synthesis procedure was adapted from literature?*®

Au@Citrate (1 mL, 1 OD, 1.68 nM) was adjusted to pH 10 with K.CO3 (100 pL, 100
M) then concentrated to 200 pL via centrifugation. To this, Streptavidin (50 pL, 1
mg/ml) was added and the solution was stirred for 1 hour at room temperature before
purification through centrifugation. The nanoparticle solution was redispersed in
ultrapure water for analysis before 0.1x PBS and 0.01% BSA w/w was added for

stable storage.

Table 11: Analysis of the synthesis of Au@Streptavidin from Au@Citrate showing the changes in
characteristic properties over the course of the synthesis

Intensity Zeta/

Nanoparticles Amax DLS /nm PDI my SD
Au@Citrate 521 21.2 014 278 732
Au@Streptavidin 529 99.8 021  -388 908
Au@streptavidin - g 56.7 009 -188 172

post-purification
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Chapter 5

General method for producing strips:

An A4 nitrocellulose membrane was cut with a laser cutter (Mantech Pro Series
4060 120 W) to give a batch of strips collectively 126 mm wide by 85 mm long (2 x
28 individual strips) with each individual strip being 4.25 mm x 45 mm. The

individual strips were held together as a batch with 0.5 mm tabs from the laser cutter.

The batched strips (2 x 28) were loaded onto the Polypico precise spotter and the test
and control lines were printed across all the strips. The test line was positioned 1 cm
from the bottom of the strips and the control line was positioned 0.5 mm above the
test line. The lines were created through the sequential deposition of 15 nL drops
spaced 0.3 mm apart across the width (in the x axis) which was then repeated 3x
spaced 0.1 mm apart across the length (in the y axis). This yielded 14 spots per line
in X and 3 lines per strip in Y (Figure 110) resulting in a 1 mm total width for the
overall line. This results in 0.63 pL total volume printed for each test and control line

per strip.

These dimensions were determined experimentally to account for the spreading of

each spot after deposition.
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Line Positions

Line Printing

V//////A I 1mm 15 nL spots

5mm 0.3 mm step-over in X

0.1 mm step-overinY
2

Figure 110: Diagram illustrating the positioning of the test and control lines printed on the
nitrocellulose strips for lateral flow experiments. Line were made up of individual spots printed with
the Polypico printer and the separation between the spots is listed.

After the combined strips were printed with both the test and control lines they were
dried at 37°C overnight in an oven. Individual strips were separated with a scalpel

with cuts made to remove the tabs as close as possible to the edge of the strip

without damaging the main area of flow.

General Method for running strips

The test nanoparticle solution was prepared in the running buffer and adjusted to 1
ODspr concentration as measured by UV-Vis spectroscopy. 10 pL of the
nanoparticle solution was added into a well of a 96 well plate and the prepared strip
was placed vertically into the well taking care to make sure it was that placed evenly

to avoid the solution flowing faster down the left or right side.

Once the nanoparticle solution had flowed completely into the membrane, 10 uL of
PBS was added to the well to act as a wash solution. Volumes of both the

nanoparticle and wash solution were chosen to fit several priorities:
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1. The nanoparticle solution had to be of sufficient volume to flow into the
region of both the test and control line.

2. The wash solution had to be of sufficient volume to completely clear the test
and control line of unbound nanoparticles.

3. The total volume of the combination of nanoparticle solution and wash

solution fit within the total bed volume of the membrane.

Once both the nanoparticle and wash solutions had finished flowing through the
strip, the strip was removed from the 96 well plate and placed on the strip carrier and
allowed to dry at room temperature. This was to ensure a high contrast, consistent
white background for the imaging of the strips. After all the strips of a particular

experiment were dry the imaging of the strips was performed.
Control experiments

A nitrocellulose membrane (Whatman FF170 HP, 4.5 mm x 42.5 mm) was printed
with a test line (BSA 1 mg/mL in 1x PBS) and control line (Biotinylated BSA abcam
286862, 1 mg/mL in 1x PBS). Au@Streptavidin (10 puL, 1 OD) was prepared in a

running buffer solution with Tween 20 and BSA prior to adding to the strips.
Design of Experiments

A 2 factor, 4 level full factorial design of experiments was planned with Minitab 20
and run in randomised order. Tween and BSA solutions were prepared with a total
volume of 5 pL to which 5 pL of 2 OD Au@Streptavidin in PBS was added to
achieve a final volume of 10 pL of nanoparticle solution at 1 OD and the required

percentage of Tween and BSA.
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Table 12: DoE parameters used for the optimisation of the running buffer and the Line intensity

values measured from the experiments.

BSA  Line Intensity Pixel
StdOrder RunOrder Tween 20 % %  Values (BBSA-BSA)
12 1 1 10 0
14 2 10 0.1 219
13 3 10 0.01 180
10 4 1 0.1 148
2 5 0.01 0.1 90
9 6 1 0.01 113
11 7 1 1 0
16 8 10 10 0
1 9 0.01 0.01 0
8 10 0.1 10 0
5 11 0.1 0.01 86
15 12 10 1 182
7 13 0.1 1 37
6 14 0.1 0.1 131
3 15 0.01 1 0
4 16 0.01 10 0

The outcome of the strips was calculated as the integration of the BBSA peak minus

the integration of the BSA line. Where there were peaks arising from non-specific

binding to the nitrocellulose directly (e.g. <1 cm up the strip) this was also

‘removed’ from the BBSA integration.

Biotinylated BSA control

Au@BBSA

Biotinylated Bovine Serum Albumin (Biotin-LC-BSA) (3 biotin/BSA) (ab286862)

(50 pL, 1 mg/ mL in PBS) was added to Au@Citrate (1 mL, 1 OD, 1.68 nM) and

mixed for 2 hours. Solution was purified with centrifugation and the supernatant was

replaced with ultrapure water for analysis, volumes maintained at 1 mL.
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Table 13: Analysis of Au@BBSA synthesised from the substitution reaction with Au@Citrate

Z- Intensity Zeta
Nanoparticles  Amax Average DLS/ PDI Potential SD/mV
DLS/nm nm /I mV
Au@Citrate 521 23.9 2120 014 -27.8 7.32
Au@BBSA 520 27.9 127.6 0.2 -11 14.9

Au@BBSA were concentrated to 2 OD and was treated with running buffer test
solutions (10% Tween 20, then BSA at 0%, 0.2% and 1% respectively) in a 1:1 ratio

for a final volume of 10 pL.

The solutions were vortexed for 30 seconds and allowed to stand for 2 hours before
use. The nanoparticles were run on a strip printed with Streptavidin (Img/mL) as a
test line using standard conditions and a control line of BBSA (1mg/mL) at standard
conditions. Each solution was followed with a 10 pL PBS wash before imaging. The
negative Au@Streptavidin test was performed using the standard running buffer and

a PBS wash against the same strips.

Table 14: Image analysis (Both Integrations and Heights) of Au@BBSA control experiments
showing capture on a streptavidin test line with different amounts of blocking BSA in the running
buffer.

Peak Integrations

Line BSA 0% BSA 0.2 % BSA 1%
Test 825 170 0
Control 189 121 0

Peak Heights

Line BSA 0 % BSA 0.2 % BSA 1%
Test 41 8 0
Control 9 7 1
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Screening Polymyxin Concentration Control

1.5 pL of 12 was added from three different stock solutions at 100 pM 10 puM and 1
MM concentrations. To this was added Au@Streptavidin (10 pL, 1 OD, running
buffer) and the combined solutions were pipette aspirated 3 times to mix. The
solutions were left for 2 minutes before being run on the strip. Final concentrations

of 12 therefore 13 1.3 and 0.13 puM respectively.

This test was run on a nitrocellulose membrane printed with a ‘Test line” of BSA (1

mg/mL) and a control line of BBSA (1 mg/mL) printed under standard conditions.

Table 15: Peak analysis of Au@Strep+12 conjugate non-specific binding against BSA test line
showing Integrations and Heights at the test and control lines.

Peak Integrations

Line 100 / uM 10/ uM 1/uM
Test 28 0 0
Control 358 462 601
Peak Heights
Line 100 / uM 10/ puM 1/uM
Test 2 0 0
Control 21 34 34

‘Half’” Sandwich Assay Design

Screening Polymyxin Concentration against E. coli

E. coli was grown in overnight culture and washed into PBS (1000 pL) before being
adjusted to 1 OD. This was split into four (200 pL) corresponding to the 4

concentrations (100, 10, 1, 0 uM) of 12 and incubated for 1 hour before washing.

Bacteria were then diluted down with PBS to the required concentration (1, 0.5, 0.1

OD). These solutions were then loaded into the print cartridge and printed in the test

220



line position under standard conditions (i.e 0.63 pL printed per test line). The strips

were then dried for 2 hours at 37 °C before being run with the addition of

Au@Streptavidin (10 yL, 1 OD) in the running buffer.

Table 16: Peak analysis of half sandwich assay with a test line printed with E. coli at 1/0.5/0.1 OD
labelled with compound 12 showing Peak integrations and Peak Heights at the test and control lines.

Peak Integrations

Bacteria
Line Concentration / 100/ uM 10/uM 1/ uM 0/uM
oD
Test 1 144 53 0 32
Control 1 902 596 545 521
Test 0.5 105 0 0 47
Control 0.5 542 506 558 573
Test 0.1 0 0 0 0
Control 0.1 784 925 924 744
Peak Heights
Bacteria
Line Concentration / 100/ uM 10/ uM 1/uM 0/uM
oD
Test 1 16 5 0 3
Control 1 47 49 52 55
Test 0.5 11 0 0 4
Control 0.5 64 52 49 64
Test 0.1 0 0 0 0
Control 0.1 70 60 53 71

‘Full’ Sandwich Assay Design

E. coli in Flow

This test was run on a nitrocellulose membrane printed with a ‘Test line’ of

Streptavidin (1 mg/mL) and a control line of BBSA (1 mg/mL) printed under

standard conditions.
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E. coli was grown in overnight culture and washed with PBS (1000 uL) before being
adjusted to 2 OD. This was split into four aliquots (200 uL) corresponding to the 4
concentrations (100, 10, 1, 0 uM) of 12 and incubated with the probe for 1 hour
before washing via centrifugation. The labelled E. coli (1.5 pL) was added to the
Au@Streptavidin solution (10 pL, 1 OD) in the running buffer (10% Tween 0.2%
BSA) and pipette aspirated 3x to mix. The combined solution was incubated for
either 0 minutes (i.e the nitrocellulose test strip was added immediately post mixing)

or 5 minutes at room temperature.

Table 17: Peak analysis of the full sandwich assay run with pre-labelled E. coli (1 OD, 100, 10, 1 pM)
and tested with Au@Streptavidin (1 OD 10 pL) with no incubation time showing Peak integrations
and Peak Heights at the test and control lines. * Test line peak measured at the base of the strip. **
Test line measured at standard position

Peak Integration

t'l’:]fgt/’?gﬁ]”s Line 100 / UM 10/uM  1/pM 0/ pM
0 Test 221* 28** 0 -
Control 557 507 819 -
5 Test 153* 0 0 0
Control 387 350 378 593
Peak Heights
t'lrr‘rfg?a;]'?nz Line 100 / uM 10/uM  1/uM  0/uM
0 Test 16 2 0 -
Control 37 29 55 -
5 Test 9 0 0 0
Control 24 21 22 38

Screening Higher E. coli Volumes
This experiment was then repeated with E. coli volume screened at 1.5, 5 and 10 pL

Peak Integration

Line 1.5/ L 5/uL 10/ uL
Test 0 0 0
Control 582 502 463
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Peak Heights
Line 1.5/pL 5/uL 10/ uL
Test 0 0 0
Control 39 35 31

Screening Increased Blocking for E. coli in Flow

Experiment was performed as per the above ‘E. coli in Flow’ experiments.

E. coli was labelled with 12 at 100 uM and changes were made to the running buffer.
Three strips were run with BSA at 0.2, 1 and, 10%, with Tween 20 held at 10%

through all strips.

Table 18: Peak Analysis of full sandwich assay where pre-labelled E. coli (1 OD, 100 pM) was run
with Au@Streptavidin (10 pL) with altered running buffer with 10% Tween and BSA (0.2%, 1%,
10%) showing Peak integrations (Int) and Peak Heights (Heights) at the test and control lines.

Peak Integration

Line 0.2 /% 1/% 10/ %
Test 137* 0 0
Control 528 457 0

Peak Heights

Line 0.2 /% 1/% 10/ %
Test 4 0 0
Control 42 26 0

Nitrocellulose pore size variation

This test was run on nitrocellulose membranes (Merck Hi-Flow™ Plus 30.5 cm x 25
cm) with different pore sizes (HFC135, HFC120, HFC90, HFC75) cut to the same
dimensions (45 mm x 45 mm). These were printed with a ‘Test line’ of Streptavidin

(1 mg/mL) and a control line of BBSA (1 mg/mL) printed under standard conditions.
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E. coli was grown in overnight culture and washed into PBS before being adjusted to
2 OD. The E. coli was labelled with 12 (100 uM) and 1.5 pL was added to the well
of a 96 well plate along with Au@Streptavidin solution (1 OD, 15 pL) in the running
buffer (10% Tween 0.2% BSA) and pipette aspirated 3x to mix. This solution was

run through the strip.

Table 19: Image analysis of E. coli detection seen at the test and control lines along with the
bottom of the strips (<0.5 cm up the strip). 4 Nitrocellulose membranes were tested under
the same conditions. Both peak heights and integrations were analysed.

Peak Integration

Line HFC135 HFC120 HFC90 HFC75
Bottom 3 4 4 1

Test 19 12 15 8
Control 12 11 23 27

Peak Heights

Line HFC135 HFC120 HFC90 HFC75
Bottom 52 68 73 0

Test 221 153 185 115
Control 263 336 326 673
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8 Appendix

import numpy as np

from numpy import trapz

import cv2

import matplotlib.pyplot as plt

import os

from tkinter import Tk

from tkinter.filedialog import askdirectory

import csv

from scipy.signal import find_peaks, peak_widths, peak_prominences
from scipy.integrate import simpson

import pandas as pd

filepath ="
filename ="

#Sourced from https://stackoverflow.com/questions/29156532/python-baseline-correction-
library citing
https://pubs.rsc.org/en/content/articlelanding/2015/AN/C4AN01061B#!divAbstract

from scipy import sparse
from scipy.sparse import linalg

from numpy.linalg import norm
def baseline_arPLS(y, ratio=1e-6, lam=100, niter=10, full_output=False):
L = len(y)

diag = np.ones(L - 2)
D = sparse.spdiags([diag, -2*diag, diag], [0, -1, -2], L, L - 2)

H =lam * D.dot(D.T) # The transposes are flipped w.r.t the Algorithm on pg. 252
w = np.ones(L)
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W = sparse.spdiags(w, O, L, L)

crit=1

count=0

while crit > ratio:
z = linalg.spsolve(W + H, W * y)
d=y-z
dn=d[d<0]

m = np.mean(dn)

s = np.std(dn)

w_new =1/ (1 +np.exp(2 * (d - (2*s - m))/s))

crit = norm(w_new - w) / norm(w)

W =W_new

W .setdiag(w) # Do not create a new matrix, just update diagonal values

count+=1

if count > niter:
print('Maximum number of iterations exceeded')

break

if full_output:
info = {'num_iter": count, 'stop_criterion": crit}
return z, d, info

else:

return z
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def getpeaks(iteration,raw_signal,strip):
global filename
global filepath

#peak finding troughs by inverse peak detection with prominence and with a width
limit
#flipping signal from negative to positive peaks and adding a -20 shift to account for
baseline i.e 235 rather than 255

#signal = np.array([235 - x for x in signal])

# remove the baseline (change lam and niter to alter)

baseline, signal, info = baseline_arPLS(-raw_signal, lam=1e4, niter=10,
full_output=True)

peaks, = find_peaks(signal, prominence=2, width=[1,60])

#Save signals as a pandas dataframe
signal_dataframe = pd.DataFrame(signal, columns=['Pixel Intensity'])

signal_dataframe.to_csv(f'{filepath}/{filename.split(‘.”)[0]}_strips/test_{iteration}.csv')

#trying to extract information about the peak that it has picked
prominences,left_bases,right_bases = peak _prominences(signal, peaks)

contour_heights = signal[peaks] - prominences

### Calculate area of peaks

## First, check for number of peaks, raise correct error messages

#if len(peaks) == 0: raise Exception(‘No peaks found’)

#if len(peaks) <= 2: raise Exception(‘Fewer than 2 peaks found’)

## Initialize arrays

left_edges =[]
right_edges =[]
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areas =[]

## Iterate for every peak
# Find left and right edges of each peak
# Then integrate between left and right edge of the signal to 0 (the baseline)

for peak in peaks:
left edge =0
for i in range (peak, 0, -1):
if signal[i] < 0.5:
left_edge =i
break
left_edges.append(left_edge)
right edge =0
for i in range (peak, len(signal) , 1):
if signal[i] < 0.5:
right_edge =i
break
right_edges.append(right_edge)

if left_edges[-1] == right_edges[-1]:
areas.append(0)
else:

areas.append(simpson(signal[left_edges[-1]:right_edges[-1]], dx=1))

## Debug output for areas

print(f\nPeak: {peak \tAmplitude: {signal[peak]}\nLeft Edge: {left_edges[-1]}\tRight
Edge: {right_edges[-1]}\nArea: {areas[-1]}\n’)

## Save results to a dataframe using Pandas

Test_results = {‘Peak’: peaks, ‘Left Edge’: left_edges, ‘Right Edge’: right_edges, ‘Area’:
areas}
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print(Test_results)

sig_int_dataframe = pd.DataFrame(Test_results)

#

## Save dataframe to csv

sig_int_dataframe.to_csv(f'{filepath}/{filename.split(‘.”)[0]}_strips/results_{iteration}.csv')
fig,(ax1,ax2) = plt.subplots(nrows=2, ncols=1)
ax1.plot(signal)
#set axis limits for top graph
ax1.set_xlim([0,590])
ax1.set_ylim([0,max(signal+20)])
ax1.plot(peaks,signal[peaks],’x”)
axl.vlines(x=(left_edges), ymin=0, ymax=50, color=‘green’)
ax1.vlines(x=(right_edges), ymin=0, ymax=50, color=‘orange’)
ax1.vlines(x=peaks, ymin=contour_heights, ymax=signal[peaks], color=‘red’)
ax2.imshow(strip, cmap=*‘binary_r’)
#create variant that displays the full colour version

#plt.show(block=False)

#Always save the file into a new folder labelled with the image name in the directory that
it was found

return fig,prominences

def imgprocess():
global filename

global filepath

img = cv2.imread(os.path.join(filepath, filename))

gray_img = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY)

#iterate y by 305 for next strip 6 times for 7 strips
strips =[]
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for i in [x*307 for x in range(7)]:
strips.append(gray_img[725+i:790+i, 760:1350])
#print(strips)

try:
os.mkdir(os.path.join(filepath, filename.split(‘.”)[0]+’_strips’))
except FileExistsError:

pass

prominences = []

for i,strip in enumerate(strips):
stripaverage = np.average(strip, axis=0)
fig,prominence = getpeaks(i,stripaverage,strip)
fig.savefig(os.path.join(filepath, filename.split(‘.”)[0]+f_strips/strip_{i+1}’))
prominences.append(prominence)

with open(os.path.join(filepath, filename.split(‘.”)[0]+f"_strips/strips.csv’),’w’) as file:
writer = csv.writer(file)
writer.writerows(prominences)

#np strip array data

#with open(os.path.join(filepath, filename.split(‘.”)[0]+f*_strips/strips2.csv’),’w’) as file2:

#np.savetxt(file, strips, delimiter=*,")

#Turn this on if you want the pictures to stay open after running

#input()

def main():

global filename
global filepath
#Get image

#Ask for Folder path
directorypath = askdirectory(title='Select Folder") # shows dialog box and return the path
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for root, subdirs, files in os.walk(directorypath):
for file in files:
if os.path.splitext(file)[1].lower() in (".jpg’, ".jpeg’) and ‘experiment’ in file.lower():

target_file = os.path.join(root, file)
print(target_file)
filepath = root
filename = file
imgprocess()

#from folder path find all images below that

#pass each of those images into the program

#If the folder contains subfolders also search those for jpgs

if _name_ ==° main__":

main()
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