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Abstract

Biofilms are communities of microbes encased in an extracellular matrix that protects
them from harsh environments, external stresses, and antibiotics. Oral biofilms form on
the hard tooth surfaces in the oral cavity and are commonly known as ‘dental plaque’.
If left untreated, pathogenic oral biofilms can lead to periodontal disease which is con-
sidered a global public health concern affecting over 1 billion people worldwide. Better
understanding of how oral biofilms interact, grow and develop will enable preventative
methods to be put in place before disease develops, or allow for informed treatment
options to be put in place. Alternative treatment options to antibiotics are being sought
after as antimicrobial resistance is on the rise, exacerbated by misuse and over consump-
tion. This thesis explores using microfluidics as a method for growing Streptococcus
salivarius and Actinomyces naeslundii 2-species biofilms, Raman spectroscopy (RS) for
analysis, and microbubbles, ultrasound, and a synthetic antimicrobial peptide (IK8) for
biofilm treatment. Combining microfluidics and RS allowed for non-destructive, label
free, real time analysis of 2-species oral biofilms over the course of 5 days. Principle
component analysis was able to differentiate between both planktonic species, and linear
discriminant analysis was able to show how biofilms on Day 3 and 5 are similar, yet
distinct from Day 1 due to the increased matrix contributions. Day 1 2-species biofilms
were also most similar to S.salivarius biofilms at this stage. Spontaneous RS had spatial
and resolution limitations, therefore Stimulated Raman Spectroscopy (SRS) was used as
an alternative, providing high resolution hyperspectral SRS images and z-stacks of the
high wavenumber region (2700 - 3100 cm™!), as well as two-photon fluorescence (TPF)
z-stacks. The CHj protein peak at 2937 cm™! was found to be associated with bacteria
cells, while CHy lipid /protein peaks at 2850, 2881 and 2905 cm~! were predominantly
matrix related. TPF detected the autofluorescence of flavins in the bacterial cells, acting
as a marker to locate bacteria within the biofilm, something the SRS was not able to
pick up on. IK8 was shown to work against both oral species of bacteria, and when free
IK8 was combined with MBs and US there was a 68% reduction in 2-species biofilm cell
density recorded. Optimisation of the treatment process is required to achieve the 3-log

reduction required to be considered bactericidal.
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dispersed to give a bright-field view of the sample. Figure reproduced

with permission from [2]. . . . .. .. ... Lo oo

First iteration of the microfluidic device design. The chamber dimensions
are 6 mm (1) x 4 mm (w) x 140 pm (h), with pillars added to prevent roof

collapse. Separate inlets were used for media flow and bacteria injection

to prevent contamination. . . . . . .. ...

A) Simplified schematic showing the piezo-pump driven microfluidic sys-
tem. 2- and 3-way taps are used to stop flow, remove air bubbles, and
serve as an injection loop, B) Schematic showing how the injection loops
works. Bacteria (or other) is manually injected into the central chamber
of the loop (300 pl) and the displaced liquid is forced out of the loop
outlet. The bacteria is then pumped on chip by the piezo pump and at

controlled rate. . . . . . . . .. e

The working mechanisms of the mp6-pump used to drive fluid flow in the
biofilm system. a) A piezoelectric diaphragm is deformed when a voltage
is applied, forcing the membrane downwards and pushing the medium
into the next chamber, when the cycle continues. Figure reproduced
from the manufacture’s website; Bartels Mikrotechnik. b) The evaluation

board which controlled the mp6 pump, powered by a USB battery pack.
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3.8

Schematic showing the syringe pump driven microfluidic system, where
the pump has to remain outside the incubator. Arrow A shows the dead
volume in the tubing connecting syringes to B) the injection loop, C)
tubing connected to D) microfluidic device, and E) waste flask. Schematic

not toscale. . . . .. L.

A) Straight channel microfluidic device B) simplified schematic showing
the syringe pump driven system with the straight channel microfluidic
device, C) (left) the original microfluidic device showing how the inlet and
outlet were too close together thus the transducer and gel pad required
for ultrasound would not fit, (right) the straight channel device which is

longer and designed to allow room for the transducer and gel pad.

Bright field images of S.salivarius and A.naelsundii 2-species biofilm
growth at Day 1 - Day 5. The chamber dimension are 12 mm x 2 mm x
160 pm, and images of the chamber are stitched together from separate
images taken using a Confocal microscope and 10x magnification. Fluid
flow is from left to right, 20 u/min, shear stress 0.3 dynes/cm?. Occa-

sionally air bubbles would pass on chip, as seen in the Day 3 sample.

Schematic demonstrating z-stacks taken of biofilms on chip, from the base
up (z = 0), and the z-stack projection of images. Z-stacks taken with a

1 pm step, unless otherwise stated. Z-height varies per biofilm. . . . . .

Fluorescent CLSM images of live/dead (SYTO9/PI) stained 2-species
biofilms from Day 1 - Day 5, taken with 10x magnification. Live bacteria
is shown in green and dead shown in red. The white line shows the edge
of the chamber wall for reference. Images are z-stack composites viewed
through the x-y plane, looking up through the base of the biofilm. The
image area is 1200 x 1200 pm, and the scale bar shows 100 pm. . . . . .
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3.9

3.10

3.11

3.12

3.13

Fluorescent CLSM images of live/dead stained 2-species biofilms on Day
1, taken with 100x oil objective at different points of the biofilm. Live
bacteria are shown in green, and dead in red. S.salivarius (S.s) are spher-
ical cocci, A.naeslundii (A.n) are rod like. Images are z-stacks viewed

through the x-y plane and are 120 x 120 pgm, with a 20 ym scale bar.

Fluorescent CLSM images of live/dead stained 2-species biofilms on a)
Day 2 and b) Day 3. Live bacteria is shown in green, and dead in red.
S.salivarius are spherical cocci, A.naeslundii are rod like. Images were

taken with 100x oil magnification, and are z-stacks viewed through the

x-y plane. 120 x 120 pm, with a 20 gm scale bar. . . . . . ... ... ..

a) Fluorescent CLSM images of live/dead stained 2-species biofilms on
Day 4. Live bacteria is shown in green, and dead in red. S.salivarius
(S.s) are spherical cocci, A.naeslundii (A.n) are rod like. Images were
taken with 100x oil magnification, and are z-stacks viewed through the
x-y plane. b) Corresponding bright field image showing the boundary of
the 2-species biofilm with the dotted white line. Both image dimension

are 120 x 120 pm, with a 20 yum scale bar . . . . . . .. .. .. ... ..

Fluorescent CLSM images of live/dead stained 2-species biofilms on Day
5, taken at different areas of a biofilm. Live bacteria are shown in green,
and dead in red. S.salivarius are spherical cocci, A.naeslundii are rod

like. Images were taken with 100x oil objective, and are z-stacks viewed

through the x-y plane. 120 x 120 pm, with a 20 ym scale bar . . . . . . .

Average Raman spectra of planktonic S.salivarius (black) and
A.naeslundii (red) taken with 100x oil objective. The spectra show the
fingerprint region from 550 - 1800 cm ™! and the high wavenumber region
from 2800 - 3020 cm~!. High wave number region x0.25. Each spectrum

is the average of n = 27 spectra across repeats, and the shaded region

shows the standard deviation. 2800 -3000cm . . . . . . . . .. .. ...
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3.14

3.15

3.16

3.17

3.18

3.19

Average Raman spectra of planktonic S.salivarius (black) and
A.naeslundii (red) where a) uses a dashed line to show peaks which are
present in both spectra, and b) uses a dashed line and black text to show
peaks only present in S.salivarius, and a dotted line and red text showing

those only present in A.naeslundii. . . . . . . . .. . ... ... ... ..

PCA of planktonic S.salivarius and A.naeslundii Raman spectra, where
a) shows the score plot of PCl1 v PC2, S.salivarius are black and
A.naeslundii red, with 95% confidence ellipse, and b) shows the % vari-
ance explained of PC1 - PC10, with the bars showing the individual

variance and the line showing the cumulative variance. n= 27 per species.

a) PC1 and PC2 loadings of S.salivarius and A.naeslundii planktonic
species, b) PC1 loading with each significant peak labelled, where
negative peaks are associated with A.naeslundii and positive peaks

S.8alivarius . . . . .

Raman spectra of S.salivarius mono-species biofilms taken everyday for
5 Days. S.salivarius planktonic spectra is shown in black for reference,
Day 1 (red), Day 2 (blue) Day 3 (green), Day 4 (purple), Day 5 (gold).
Key peaks are labelled with a dashed line. All spectra normalised to the
Amide I peak 1670 cm™ . . . . . ..

Raman peak intensity over time of S.salivarius biofilms, where peaks are
grouped by biological relevance: a) (DNA) 602, 614, 710, 746 cm™~! b)
920 (C-C), 781 (cytosine) cm~!, ¢) 1127 (C-C), 1337 (CHy wagging),
1581 cm~! (DNA) d) 1297 (CH, twisting), 2850 (CHy symmetric), 2881
(CHy asymmetric), 2905 (CHz FR), 2937 (CH3 symmetric) cm~!. Curves

fitted with a linear or exponential curve fit. . . . ... .. ... ... ..

The resulting Raman spectra after S.salivarius planktonic spectra was
subtracted from the mono-species biofilms. The dotted line for each spec-
tra is the 'zero’ baseline. For each Day, the spectra above the dotted line

is considered to be the extracellular matrix contribution. T . . . . . . . .
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3.21

3.22

3.23

3.24

Average Raman spectra of A.naeslundii mono-species biofilms taken ev-
eryday for 5 Days. A.naeslundii planktonic spectra is shown in black for
reference and key peaks are labelled with a dashed line. 2800 - 3020 cm ™!
region is multiplied by 0.5 for scale. Each Day shows the average (n=75)

and the shaded region is the standard error. Spectra normalised to the

Amide I peak 1670 cm™'. . . . . .. ...

Raman peak intensity over time of A.naeslundii biofilms, where peaks
are grouped by similar features: a) (DNA) 602, 614, 710, 746 cm™!, b)
781 (DNA) and 920 (C-C) em™!, ¢) 1127 (C-C) 1305 (CHg, nucleic acid) ,
1337 (CHy wagging), 1581 (DNA) cm™!, d) 2850 (CHy symmetric), 2881
(CHy asymmetric), 2905 (CH), 2937 (CH3 symmetric) cm~!. All plots

fit to a linear or exponential curve fit. . . . . .. ... ... ... .. ..

The resulting Raman spectra after A.naeslundii planktonic spectra was
subtracted from the mono-species biofilms. For each Day, the spectra

above the dotted line is considered to be the extracellular matrix contri-

Average Raman spectra of S.salivarius and A.naeslundii 2-species
biofilms taken everyday for 5 Days. Day 1 (black), Day 2 (red) Day
3 (blue), Day 4 (green), Day 5 (purple). Key peaks are labelled with
a dashed line. 2800 - 3020 cm™! region is multiplied by 0.5 for scale.
Biofilms were grown microfluidically and the same biofilm analysed over
time. Each day shows the average of 3 experimental repeats (total spectra

n=75) and the shaded region is the standard error. Spectra normailsed

to Amide I peak 1670 cn™. . . . . . . ...

Raman peak intensity over time of S.salivarius and A.naeslundii 2-species
biofilms, where peaks are grouped by similar features: a) (DNA) 602, 614,
710, 746 cm ™!, b) 781 (cytosine) and 920 (C-C) em ™!, ¢) 1127 (C-C), 1337
(CHy wagging), and 1581 cm™!, d) 1297, 2850 (CHy symmetric), 2874
(CHa), 2881 (CHy asymmetric), 2905 (CHg FR), 2937 (CH3 symmetric)

cm~!. All plot fit to a linear or exponential curve fit. . . . .. ... ...
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3.26

3.27

4.1

4.2

4.3

LDA of S.salivarius and A.naeslundii 2-species biofilms at Day 1, 3 and
5. Scatter plot of the classes showing LD1 v LD2 where Day 1 (black),
Day 3 (red) and Day 5 (blue), with 95% confidence ellipse. For each day,

LDA of Day 1 S.salivarius and A.naeslundii mono-species and 2-species
biofilms. Scatter plot of the classes showing LD1 v LD2 where 2-species
(black), S.salivarius (red) and A.naeslundii (blue), with 95% confidence

ellipse. For each biofilm, n=75. . . . . ... ... ... ... .......

LDA of Day 5 S.salivarius and A.naeslundii mono-species and 2-species
biofilms. a) Scatter plot of the classes showing LD1 v LD2 where 2-species
(black), S.salivarius (red) and A.naeslundii (blue), with 95% confidence
ellipse, b) LD1 and LD2 class distribution shown in a box plot, ¢) Raman
spectra corresponding to LD1 (black) and LD2 (red). For each biofilm,

Schematic showing how hyperspectral SRS stacks correspond to
wavenumbers. Each image in the stack is taken at a specific wavenumber,
where each pixel of that image shows the intensity at that wavenumber.

The stack can therefore be plotted as Intensity (A.U) v Wavenumber
1

{635 0 P

SRS hyperspectral image of S.salivarius Day 1 biofilm. The image is the
slice with the maximum intensity, 2925 cm™!, taken from a stack 2700
- 3200 cm™!'. The yellow square shows a zoomed in area of the SRS

hyperspectral image, where each pixel contains a Raman spectra.

a) SRS hyperspectral image of S.salivarius Day 1 biofilm. Each pixel of
the image contains a Raman spectra from 2700 - 3200 cm~! . Circled

areas show different regions of interest (ROI) across the biofilm and the

average spectra within the ROI are plotted in b). . . .. ... ... ...
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4.7
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4.9

a) SRS hyperspectral image of S.salivarius Day 1 biofilm. Each pixel
of the image contains a Raman spectra from 2740 - 3084 cm~! . Bright

points 1 (red) and 2 (green) across the biofilm are circled and the average

spectra of these points are plotted in b). . . . ... ... ... ... ...

a) SRS hyperspectral image of S.salivarius Day 1 biofilm analysed using a
15 x 15 grid. Each pixel contains a spectra and the average spectra in each
14.14 pm? square (34 pixels?) was plotted for analysis. Row 7, highlighted
in yellow, was chosen for analysis. b) Average spectra for row 7 plotted
for grid 1 - 15, ¢) average spectra normalised to the max intensity which

are also grouped by similar features and plotted separately on d), e) and

f) for clarity. . . . ...

K-means clustering of S.salivarius Day 1 mono-species biofilm hyper-
spectral SRS data. 4 clusters are defined: Cluster 1 (dark blue), cluster
2 (light blue), cluster 3 (yellow), cluster 4 (red). a) Hyperspectral image
of the biofilm identified into clusters. The yellow rectangle highlights the
area used for analysis in Figure 4.5. b) The average spectra for each

cluster, ¢), d) and e) show the de-convoluted spectra of cluster 1, 2 and

4, respectively. . . . .. L

a) Schematic showing SRS z-stack imaging of biofilms. SRS imaging was
fixed to the CHs 2930 cm ™! peak, and each image of the stack was taken
at a 0.5 um intervals. The spectral intensity is plotted as a function of
z-height pum, b) schematic demonstrating how the z-stacks of the biofilm

were taken, starting at the base of the biofilm, 0 pm, and increasing in

0.5 pmsteps. . . . .o

Fluorescence emission spectra for common endogenous fluorophores. Re-

produced with permission from [240] with license CC BY-NC 4.0.

Day 1 S.salivarius biofilm showing z-stacks of SRS at 2930 cm~! (left),
TPF (middle), and SRS (green) + TPF (red) composite (right). Each

slice is 0.5 pm and taken at a) 0 gum, b) 5um, c¢) 7.5 pym, d) 10.5 pm.

(Scale bar =30 pm). . . . ...
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4.10

4.11

4.12

4.13

4.14

4.15

Hyperspectral SRS data of S.salivarius Day 5 biofilms. a) Hyperspectral
image, b) K-means clustering colour map, Cluster 1 (dark blue), cluster 2
(light blue), cluster 3 (yellow), cluster 4 (red), c¢) average Raman spectra
of the 4 k-means clusters, d), e) and f) show the deconvolution of cluster
2, 3 and 4 respectively. A Lorentzian fit was used for multiple peak

deconvolution. . . . . . . . .. e

Day 5 S.salivarius biofilm showing z-stacks of SRS at 2930 cm~! (left),
TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pm and taken at a) 0 pum, b) 7.5um, ¢) 10 ym, d) 24.5 pm.
(Scale bar = 30 pm). . . . ...

Hyperspectral SRS data of A.naesundii Day 1 biofilms. a) Hyperspectral
image, b) K-means clustering colour map,Cluster 1 (dark blue), cluster 2
(light blue), cluster 3 (yellow), cluster 4 (red) c) average Raman spectra
of the 4 k-means clusters, d), e) and f) show the deconvolution of cluster
1, 3 and 4 respectively. A Lorentzian fit was used for multiple peak

deconvolution. . . . . . . . . .

Day 1 A.naeslundii biofilm showing z-stacks of SRS at 2930 cm ™! (left),
TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pm and taken at a) 0 pm, b) 4.5um, ¢) 8 ym, d) 16 pm. (Scale
bar =30 pm). . . ...

Hyperspectral SRS data of A.naesundii Day 5 biofilms. a) Hyperspectral
image, b) K-means clustering colour map, Cluster 1 (dark blue), cluster 2
(light blue), cluster 3 (yellow), cluster 4 (red), c¢) average Raman spectra
of the 4 k-means clusters, d), e) and f) show the deconvolution of cluster
1, 3 and 4 respectively. A Lorentzian fit was used for multiple peak

deconvolution. . . . . . . . ..

Day 5 A.naeslundii biofilm showing z-stacks of SRS at 2930 cm ™ (left),
TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 um and taken at a) 0 pm, b) 6.5um, c¢) 13 pm, d) 20 pm.
(Scale bar =30 pm). . . . . ...



4.16

4.17

4.17

4.18

4.19

4.19

Hyperspectral SRS data of Day 1 2-species S.salivarius and A.naesundii
Day 1 biofilms. a) Hyperspectral image, b) K-means clustering colour
map, Cluster 1 (dark blue), cluster 2 (light blue), cluster 3 (yellow),
cluster 4 (red), c) average Raman spectra of the 4 k-means clusters, d),
e) and f) show the deconvolution of cluster 2, 3 and 4 respectively. A

Lorentzian fit was used for multiple peak deconvolution. . . . .. .. ..

Day 1 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of
SRS at 2930 cm™! (left), TPF (middle), and SRS (green) + TPF (red)
composite (right). Each slice is 0.5 pm and taken at a) 0 pm, b) 6.5um,
c) 13 pm, d) 20 pm. (Scale bar = 30 pm). . . .. . ... ...

Day 1 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of
SRS at 2930 cm~! (left), TPF (middle), and SRS (green) + TPF (red)
composite (right). Each slice is 0.5 ym and taken at a) 0 pm, b) 6.5um,
¢) 13 pm, d) 20 pm. (Scale bar = 30 pm). . . . ... ... ...

Hyperspectral SRS data of Day 5 2-species S.salivarius and A.naeslundii
Day 1 biofilms. a) Hyperspectral image, b) K-means clustering colour
map, Cluster 1 (dark blue), cluster 2 (light blue), cluster 3 (yellow),
cluster 4 (red) c) average Raman spectra of the 4 k-means clusters, d),
and e) show the deconvolution of cluster 1, and 3 respectively. Cluster 4
is PDMS, therefore the deconvolution is not shown here. A Lorentzian

fit was used for multiple peak deconvolution. . . . .. .. ... ... ..

Day 5 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of
SRS at 2930 cm™! (left), TPF (middle), and SRS (green) + TPF (red)
composite (right). Each slice is 0.5 um and taken at a) 0 um, b) 1.5um,
c¢) 3.5 pm, d) 9.5, e) 21.5 um, and f) 43.5 um. (Scale bar = 30 um).

Day 5 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of
SRS at 2930 cm™! (left), TPF (middle), and SRS (green) + TPF (red)
composite (right). Each slice is 0.5 pm and taken at a) 0 pm, b) 1.5um,
c) 3.5 um, d) 9.5, ) 21.5 pm, and f) 43.5 pm. (Scale bar = 30 um).
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4.21

4.22

4.23

Hyperspectral SRS data of Fluorescent in situ hybridisation (FISH) Day
1 2-species S.salivarius and A.naeslundii Day 1 biofilms. a) Hyperspec-
tral image, b) K-means clustering colour map,Cluster 1 (dark blue), clus-
ter 2 (light blue), cluster 3 (yellow), cluster 4 (red), c) average Raman
spectra of the 4 k-means clusters, d), and e) show the deconvolution of
cluster 2, 3 and 4 respectively. A Lorentzian fit was used for multiple

peak deconvolution. . . . . ... ...

Fluorescent in situ hybridisation (FISH) Day 1 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm~!, TPF of Cy3
S.salivarius (green), TPF of Cy5 A.naeslundii (red) and the composite
images. and SRS (green) + TPF (red) composite (right). Each slice is 1
pm and taken at a) 0 pm, b) 5um, ¢) 8 um, and d) 10 pm. Cy3 ex/em:
1045/575 nm, Cy5 ex/em: 1220/660 nm. (Scale bar = 30 ym). . .. ..

Hyperspectral SRS data of Fluorescent in situ hybridisation (FISH) Day
5 2-species S.salivarius and A.naeslundii Day 5 biofilms. a) Hyperspec-
tral image, b) K-means clustering colour map, Cluster 1 (dark blue),
cluster 2 (light blue), cluster 3 (yellow), cluster 4 (red), c) average Ra-
man spectra of the 4 k-means clusters, d), and e) show the deconvolution
of cluster 1, 3 and 4 respectively. A Lorentzian fit was used for multiple

peak deconvolution. . . . . . ... .. ...

Fluorescent in situ hybridisation (FISH) Day 5 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm~!, TPF of Cy3
S.salivarius (green), TPF of Cy5 A.naeslundii (red) and the composite
images. and SRS (green) + TPF (red) composite (right). Each slice is
1 pm and taken at a) 0 ym, b) 15um, c¢) 45 pm, d) 80 pum, €) 100 um,
f) 130 pm. Cy3 ex/em: 1045/575 nm, Cy5 ex/em: 1220/660 nm. (Scale
bar =30 pm). . . ...
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Fluorescent in situ hybridisation (FISH) Day 5 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm~!, TPF of Cy3
S.salivarius (green), TPF of Cyb A.naeslundii (red) and the composite
images. and SRS (green) + TPF (red) composite (right). Each slice is
1 um and taken at a) 0 pm, b) 15um, ¢) 45 pm, d) 80 um, e) 100 pm,
f) 130 pm. Cy3 ex/em: 1045/575 nm, Cyb ex/em: 1220/660 nm. (Scale
bar =30 pm). . . ...

The minimum inhibitory concentration (MIC) for S.salivarius (top) and
A.naelsundii (bottom) after 18 hours incubation with the antimicrobial
peptide IK8. The concentrations of IK8 for each well are shown at the
top, in pug/ml. The red boxes show the minimum inhibitory concentration
identified for each species. Brain heart infusion (BHI) wells were used as

a control. Initial bacteria concentrations were 0.5 McFarland standard.

Cell density (CFU/ml) of S.salivarius (orange) and A.naeslundii (green)

after 18 hours incubation at 37°C with a range of IK8 concentrations .

Scatter plots showing the cell density (CFU/ml) of a) S.salivarius and
b) A.naeslundii over 24 hours. Samples were incubated at 37°C with
IK8 concentrations of 0, 25, 50, 100, 200 ug/ml and 0, 6.25, 12.5, 25, 50

pg/ml respectively. . . ..o

Comparison of a single point scan (green) or 9-point well scan (orange) of
2-species S.salivarius and A.naeslundii biofilms, showing fluorescence of
Propidium Iodide stained biofilms after incubation with IK8 of concen-
tration 0 - 400 pg/ml, and 1% Virkon. Each concentration is an average

of 6 wells. Ex/Em:535/617 nm. . . . . . .. .. ... ... ... ..

Two experimental repeats showing the florescence intensity of PI stained

2-species biofilms after treatment with IK8. Ex/Em:535/615 nm. . . . . .

Three experimental repeats quantifying biofilm biomass after IK8 treat-
ment by measuring the absorbance of Crystal Violet at 570 nm. Repeats

shown in separate figures to emphasise the lack of reproducibility.
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Figures showing the cell density (CFU/ml) of 2-species S.salivarius and
A.naeslundii biofilms at a) 24 hour and b) 48 hour biofilms incubated at
37°C with free IK8 for 3 hours (orange) and 24 hours (green). Results

are an average of 6 wells. . . . . . .. Lo

Example of a graph from particle tracking data used to find the concentra-
tion and size of Diyne-PC liposomes extruded at 60°C. Lipid mixture of
DPPC:Diyne-PC:Cholesterol:Peg-2000 (molar ratio 32.5:32.5:30:5). The

red shaded region shows the error. . . . . . . .. ... ... .......

Absorbance spectra of Diyne-PC liposomes after 15-90 minute UV (254
nm) exposure. 0 minute UV exposure showed no absorbance peaks and

was thus subtracted from all spectra as a baseline. . . .. ... ... ..

Figures showing a) the Raman spectra for Diyne-liposomes irradiated for
0-90 mins, b) scatter plot showing the intensity for 1511cm?® (black) and
2110 cm?! (red)for UV exposure time . . . . . . ... ... .........

Calcein calibration curve demonstrating the self quenching behaviour at

high concentrations. Calcein dissolved in PBS at room temperature. . .

HPLC chromotographs showing IK8 peaks for a) Diyne-liposomes (1.651
min) and b) no diyne liposomes (1.812 min).The large peak at 4 mins is

Triton-X. . . . . e

a) Example image of MBs (DSPC:Peg-2000, 95:5 mol) taken with 40x
obj, diluted 25 times, b) histogram showing size distribution and concen-
tration of the MB sample.(1.55um, 4.9x10°MB/ml). Sample taken 15

minutes after MB production. . . . . .. .. ... ... L.

MB stability showing a) the concentration and b) the size over 4 hours,
with error bars showing the standard error. MB lipids: DSPC:Peg-2000,

C4F10 gas core, room temperature. . . . . . . . ... ... ... ...

Cell density (CFU/ml) of biofilms after no treatment, MB+US, Free
IK8+MBs+US x1 exposure, Free IK8+MBs+US x3 exposure, lipo-
somes+MBs+US (LMBUS) x1 exposure, LMBUS x3 exposure, 1%
Virkon. . . .o
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Confocal images of Live (green)/Dead (red) stained 2 species biofilms
after treatment. Untreated biofilms (a,b) and treated with 1% Virkon
(c,d). Z-stack images taken on 100x oil objective, 115x115x20 pum. b)
and d) show the top of the biofilm z-stack. Biofilms grown for 24 hours.
Confocal images of Live(green)/Dead (red) stained biofilms after treat-
ment. MBS+US (a,b), Free IK8+MBS+US x1 exposure (c,d). Free
IK8+MBS+US x3 exposure (e,f). Z-stack images taken on 100x oil ob-
jective, 115x115x20 pm. b), d) and e) show the top of the biofilm z-stack.

Confocal images of Live(green)/Dead (red) stained biofilms after treat-
ment. LMBUS x1 exposure (a,b), LMBUS x3 exposure (c,d). Z-stack

images taken on 100x oil objective, 115x115x20 pum. b), d) show the top

of the biofilm z-stack. . . . . . . . ..

CV absorbance at 570nm for biofilms after no treatment, MB+US, Free
IK8+MBS+US x1 exposure, Free IK8+MBS+US x3 exposure, LMBUS

x1 exposure, LMBUS x3 expsure, 1% Virkon. The results are the average

of 3 wells from 1 experimental repeat. . . . ... ... .. ... .....
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Chapter 1

Introduction and Background

Theory

1.1 Bacterial Biofilms

1.1.1 Bacteria

Bacteria are ubiquitous, single cell organisms that can thrive in almost every environment
on Earth. As part of the prokaryote taxonomy, bacteria do not contain a membrane-
bound nucleus but instead have a nucleoid, and often plasmids, within the cellular cy-
toplasm that contains all genetic information in a single circular chromosome of DNA
(deoxyribonucleic acid). In the cytoplasm there are also ribosomes which perform pro-
tein synthesis. The cytoplasm is enclosed by a cell membrane and cell wall. Many
species have pili and/or flagellum which help with movement and adhesion [1]. Figure

1.1 shows a schematic of a bacterial cell and its associated features.

Bacteria can be split into two categories based on the structure and composition of
their cell wall and subsequent ability to hold a crystal violet (CV) Gram-stain. Bacteria
which are stained pink/purple by CV are called Gram-positive, and have a thick pep-
tidoglycan layer which is anchored to the inner lipid membrane via lipoteichoic acids.

Gram-negative bacteria have a thin peptidoglyan layer in-between two lipid membrane
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Figure 1.1: Schematic showing the structure of a prokaryote (bacteria) cell. Not all species
have pili and flagellum. Figure reproduced from [2] and modified with permission.

layers, both seen in Figure 1.2. The inner and outer membranes are phospholipid bilay-
ers, however the outer membrane is unique as it also contains lipopolysaccharides in the
outside layer of the bilayer, which is an endotoxin potentially harmful to human health
[3]. Some bacteria have external hair-like structures called flagella or pili which help
with movement, attachment to surfaces, or the transfer of genetic material [1]. Teichoic
acids and lipopolysaccharides provide Gram-positive and Gram-negative bacteria with

an overall negative charge.

The bacteria studied in this thesis are the oral bacteria Streptococcus salivarius
(S.salivarius) and Actinomyces naeslundii (A.naeslundii). Both species are Gram-
positive facultative anaerobes found in the oral cavity, and are early colonisers in the

development of oral biofilms.

S.salivarius is a spherical, chain forming bacteria that is found in the oral cavity a
few hours after birth. Although it is generally considered harmless and in some strains
can be used as a probiotic, it is still an opportunistic pathogen that on rare occasions

can cause sepsis, endocarditis, or meningitis [5-8].
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Figure 1.2: The structure of the cell wall for Gram-positive and Gram-negative bacteria.
Figure reproduced from S. Moorcroft with permission [4].

A.naeslundii is a rod-shaped, non-spore forming bacterium which has fimbriae to help
surface adhesion. A.naeslundii is also found in the oral cavity not long after birth, and is

an opportunistic pathogen linked with root caries, periodontal disease and actinomycosis

[9-11].

1.1.2 Biofilm formation

Individual (planktonic) bacteria in nature are vulnerable to their environment and ex-
ternal stresses, therefore in order to survive and prosper they form biofilms. Biofilms
are surface-bound microbial communities encased in an extracellular matrix consisting
of polysaccharides, lipids, proteins and DNA. Lipopolysaccharide may also be found in
biofilms where gram-negative species are present. The microbes account for less than

10% of the biofilm, whereas the matrix secretion is responsible for over 90% [12].

The behaviour and lifestyle of bacteria within a biofilm is completely different to
that of planktonic bacteria, making biofilms the preferred environment for microbes.
The incentives to form biofilms include protection and defence from external stresses,
ability for colonisation of the host, and benefits of microbial community. The presence
of the matrix increases cell density and cell-cell interactions, surface adhesion, facilitates
horizontal gene transfer and quorum sensing, creates oxygen and nutrient gradients al-

tering metabolism rates, and enables the recycling of energy, DNA and nutrients from



dead bacteria. These advantages are unique to biofilms and allow bacteria to survive in

scenarios that would not otherwise be possible.

The matrix also provides a physical scaffold and protectant from antibiotics, radi-
ation, and immune responses [12-16]. As the matrix is secreted by the bacteria, it is
tailored to the current environment and requirements, making biofilms ever-changing,
highly adaptable and hard to treat [17]. Furthermore, persistor cells are more prevalent
in biofilms making up at least 1% of the biomass. Persistors are metabolically inactive
dormant cells that are highly resistant to antibiotics, but remain viable and re-populate

once the antibiotic is removed [18].

It may seem counter-intuitive that microbes would willingly form a multispecies
biofilm with competing species, yet this is a common occurrence with evidence showing
that bacteria develop an altruistic behaviour in biofilms [19]. Microbial communities
allow for the division of labour and metabolic burden, conserving energy whilst main-
taining maximum efficiency. The ability to communicate and share genetic information
through quorum sensing and horizontal gene transfer helps the community adapt to new
stresses and further antibiotic resistance. Research is continuing into microbial commu-
nities to understand specifically the interactions within multispecies biofilms and why

they occur, as multispecies biofilms are extremely common in nature.

Biofilms offer protection to encapsulated bacteria, which are commonly reported to
be up to 1000x less susceptible to antibiotics than planktonic bacteria. Consequently,
biofilms are becoming increasingly more threatening to healthcare as resistance rises
with biofilms being responsible for approximately 80% of all chronic infections in hu-
mans [16, 20]. Biofilms thrive in open wounds, medical devices such as catheters, stents,
pacemakers, and in the oral cavity where there is an abundance of soft and hard sur-
faces, nutrients, and warm micro-environments [21-24]. Biofilm growth on any surface
follows a typical model that can be broken down into five stages: i) reversible plank-
tonic attachment, ii) irreversible attachment, iii) proliferation, iv) maturation, and v)
dispersion, (Figure 1.3). In cases such as oral biofilms, a salivary pellicle layer formed

on the surface prior to bacteria attachment can be considered the first stage of biofilm



formation, as this provides a thin layer of proteins which aid in bacterial attachment

[25].
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Figure 1.3: Schematic showing the five stages of biofilm formation: reversible attachment,
irreversible attachment, proliferation, maturation, and dispersion. Figure reproduced with
permission [26]. Copyright 2022, Springer Nature Limited.

When considering new biofilm colonisation and formation, Bacteria begin in a plank-
tonic state, free-floating in a liquid typically under flow. The hydrodynamic forces drive
bacteria over the surface, where at distances > 50 nm Van der Waals interactions are
in effect having a weak attractive force pulling bacteria from the stream and towards
the surface. As bacteria approach 10 - 20 nm, repulsive electrostatic interactions be-
tween the negatively charged bacterium and surface increases, defining the reversible
attachment stage. Any bacteria that is not lost at this stage drives closer overcoming
the energy barrier, approaching <5 nm from the surface where specific interactions and
surface receptors such as pili and flagellae bind forming physical, irreversible attach-
ments to the surface [27, 28]. Bacteria will only attach and remain bound to a surface
if the environment (nutrient content, temperature, oxygen levels) is favourable for their

survival.

Bacteria will then begin to form clusters and excrete polysaccharides, lipids and
DNA as the start of the extracellular matrix. As the micro-colonies develop, cells begin
to communicate and regulate their gene expression through a process known as “quorum
sensing”. To do this, bacteria cells produce autoinducer molecules: Gram-positive bac-

teria produce autoinducer peptides (AiP) and Gram-negative produce acyl homoserine



lactone (AHL) [27]. This process is particularly important in biofilm formation as it al-
lows the biofilm to improve its access to nutrients, limit the uptake of certain molecules,
decide which areas are favourable to grow in, protect against threats, and survive in
adverse environments [29]. The matrix continues to develop and adapt as micro-colonies
grow, forming mushroom-like structures as the biofilm matures. The final stage is dis-
persion, where small clusters or planktonic cells break off from the main structure and

begin the process again at new locations.

1.1.3 Oral Biofilms

The oral cavity is the second most diverse microbial system in the body, being host to
almost 1000 species of bacteria [30, 31]. The soft and hard tissues, constant moisture,
and warm temperature make it the perfect habitat for the colonisation and proliferation
of multi-species biofilms. Oral biofilm formation can be broken down into three stages:
early colonisers, secondary colonisers or bridging organisms, and late colonisers. Early
colonisers are typically Gram-positive species such as Streptococcus and Actinomyces
that are found in abundance in healthy individuals. They first bind to the salivary
pellicle on the tooth surface to determine the initial composition of the biofilm and are
open to co-aggregation - a process whereby genetically distinct species are able to adhere
to each other via polysaccharide recognition in a mutually beneficial pairing. These are

specific processes and not all species are able to bind to each other [32].

Secondary colonisers like Fusobacterium nucleatum are able to co-aggregate with
both early and late colonisers, therefore act as a bridging organism between species
which would not be able to interact or form a biofilm otherwise [33]. Late colonisers are
typically anaerobic, Gram-negative, pathogenic species such as Porphyromonas gingivalis

or Prevotella intermedia which are the cause of many oral diseases.

Biofilms form on the tooth surface in the supra-gingival region above the gum line,
and in the sub-gingival region below the gum line. Pathogenic species thrive in the anaer-
obic sub-gingival regions, areas which are also harder to clean, and have the potential

to allow bacteria into the bloodstream if poor oral hygiene continues. If left untreated,



sub-gingival biofilms can lead to oral diseases such periodontitis, which is estimated to
effect over 1 billion people worldwide and has a huge economic burden as direct treat-
ment accounts for 4.6% of the global health expenditure [34, 35]. Not only do oral
diseases share the same risk factors as non-communicable diseases, pathogenic species
are also associated with other systemic diseases in the body[36]. P.gingivalis alone is a
key factor in Alzheimer’s disease, cancer, rheumatoid arthritis and cardiovascular dis-
ease [37-41]. Inflammatory bowel disease, diabetes, and adverse pregnancy outcomes
are just a few other systemic diseases associated with the oral microbiota [42-44]. It
is incredibly important therefore to treat oral diseases at an early stage, or be able to
recognise the development of pathogenic biofilms before they are able to form complex,
resistant biofilms that are difficult to treat. Furthermore, understanding the process of
how biofilms develop and the interactions within the biofilm is key to finding the best

course of treatment and may suggest new methods which are not reliant on antibiotics.

1.1.4 Biofilm growth and analysis methods

There are numerous ways in which biofilms may be grown for analysis in laboratory
conditions, an example of some are shown in Figure 1.4. A standard method is grow-
ing biofilms on the base of a 96-well plate. This method is simple, robust, and high-
throughput (Figure 1.4a) [45, 46]. An adaptation of this method is the Calgary Biofilm
Device (CBD) (Figure 1.4b). This is a standard 96-well microplate with a polystyrene
lid attached with 96 pegs. Biofilms grow on the pegs, making this device a highly efficient
method for testing and analysing multiple biofilms at once, and makes replacing the nu-
trients much easier as the plate can be quickly replaced. For growing oral biofilms, pegs
are often coated in hydroxyapatite (HA), a naturally occurring form of calcium which
builds tooth enamel. Having pegs coated in HA replicates the enamel surface allowing
for a more accurate model, but also helps biofilm adhesion to the pegs [47]. A similar
method to CBD is where biofilms are grown on coupons or discs in well plates or specific
growth reactor (Figure 1.4c) . Using coupons makes nutrient replenishment simple and

biofilms can be easily accessed for analysis [48].
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Figure 1.4: The most common methods of growing biofilms. a) Microtiter well plate with
biofilm growth on the base of the well, b) Calgary Biofilm Device (CBD) where a peg is
attached to the lid of a microtiter plate and inserted into the well, ¢) biofilm coupon reactor,
and d) microfluidic device. a) and b) reproduced with permission from [49] Copyright 2023,
The Korean Society of Food Science and Technology. c¢) reproduced with permission from
[50], Copyright 2023, Taylor & Francis.

While well-plates, CBDs and coupons allow for high-throughput and require little
specialised equipment, the plates are only representative of static growth conditions,
have to be regularly replaced with fresh media which exposes the biofilms to air, and
could cause disruption and detachment during washing steps [51]. Continuous flow
influences the growth and morphology of biofilms through the transport of oxygen and
nutrients, quorum sensing, shear forces, and the movement of pioneering bacterial cells
causing the biofilm to spread and grow [52]. As a result flow chambers and microfluidics
are becoming increasingly popular for biofilm growth for these very reasons, Figure
1.4d). Other work includes looking at the impact of flow induced shear stress and
quorum sensing on biofilm morphology, the distribution of growth activity across the
biofilm, and the effect of antimicrobial agents on orthodontic bonding materials [53-55].
Microfluidic devices are an increasingly popular choice as they are able to mimic micro-
environments, require small sample sizes, and are non-destructive. A more in depth view

of microfluidics for biofilm growth is given in Section 1.2.2.

Multiple methods of biofilm analysis are used in microbiology. The cell density



(colony forming units (CFU)/ml) can be counted by spreading the biofilm on agar
plates. Crystal violet (CV) staining is used for biomass quantification and imaging.
Fluorescent labelling of biofilms allows visualisation via Confocal Laser Scanning Mi-
croscopy (CLSM). Common examples of this use Filmtracer Live/Dead biofilm viability
kit (SYTO9/propidium iodide), and fluorescent in situ hybridisation (FISH) which la-
bels specific species within the biofilm. Gene expression is measured using qPCR, and
enzymes by mass spectrometry. Other than fluorescent microscopy and CLSM, other
cell imaging techniques used are transmission and scanning electron microscopy [56].
The majority of these processes are destructive, requiring the biofilm to be fixed first or

removed and spread on a glass slide for microscopy.

1.1.5 Antibiotic Resistance

Antibiotic resistance is a significant threat to public health. Over recent decades there
has been a surge in resistance due to over-consumption and inappropriate use of antibi-
otics, increase in global travel, and extensive use in agriculture [57, 58]. Antibiotics are
concentration dependent treatments causing a bacteriostatic effect at low concentrations
whereby bacteria proliferation is inhibited, and bactericidal effects at high concentrations

where bacteria are killed [59].

Antibiotics work by three main mechanisms: targeting the cell wall, targeting protein
synthesis, and targeting nucleic acid synthesis. The bacteria cell wall is made of peptido-
glycan which undergoes cross-linking of peptides (D-alanyl-alanine and penicillin binding
proteins (PBPs)) to strengthen the cell wall. S-lactam antibiotics target the cell wall as
B-lactam mimics D-alanyl-alanine and binds to PBP, disrupting the peptidoglycan layer
and preventing further synthesis, resulting in lysis of the cell [60]. Protein synthesis is
interrupted by antibiotics targeting the 30S and 50S ribosomal subunits of the 70S ribo-
some. The 70S ribosome is responsible for all protein synthesis within the bacteria cell.
Quinilone antibiotics prevent DNA replication by inhibiting the DNA gyrase which is
responsible for the nicking of double-stranded DNA, introduces negative supercoils, and

reseals the nicked ends. Without DNA gyrase this process cannot happen, thus causing



both bacteriostatic and bactericidal effects [60, 61].
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Figure 1.5: Figure showing the four common antibiotic mechanisms of action, and the four
mechanisms of resistance. Reproduced with permission [62] Copyright 2009, CMAJ Group.

Resistance has emerged by bacteria adapting to these mechanisms in four ways:
producing inactivating enzymes, modification of the binding site, altering the cell mem-
brane to limit permeability, and utilising eflux pumps to dispel the drug. Enzymes
are produced that inactivate (-lactums that disrupt the peptidoglycan cell wall [60].
Modification of the binding site renders the antibiotic unable to dock and inhibit the
cross-linking of cell wall structures, this is the mechanism behind methicillin-resistant
Staphylococcus aureus (MRSA). The remaining two mechanisms work by limiting the im-
pact of the antibiotic. Eflux pumps are membrane proteins designed to remove harmful
substances from the cell and have therefore evolved to remove antibiotics from the cell
before they are able to take effect. Altering the cell membrane so it is less permeable to
antibiotics is the final method of resistance. The lipid and protein content of the cell wall
may change as well as the number of porins in the membrane which allow antibiotic en-
try. Resistance may also occur within the bacteria community via environment changes,
horizontal gene transfer, quorum sensing, natural adaptation and mutations, as well as
through the creation of persistor cells, as part of phenotypic heterogeniety [63-65]. A

summary of the antibiotic mechanisms of action and resistance are given in Figure 1.5
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1.1.6 Antimicrobial peptides

Antimicrobial peptides (AMPs) are short chain sequences of amino acids, typically 10
- 50 in length, with a positive charge. AMPs are naturally occurring in all species
of life and are considered a key component in combating antimicrobial resistance [66].
Antibiotics work by disrupting the synthesis pathways of bacteria cells, whereas AMPs
cause physical destruction of the negatively charged cell wall bilayer resulting in leakage
of the cytoplasm, and consequently cell lysis. It is therefore less likely that resistance
develops against AMPs as it is considered metabolically ’costly’ for the cells to try repair

themselves and mutate at a rate quicker than damage is being inflicted [67].

The efficacy of AMPs is dependent on their ability to electrostatically bind the the
bacterial cell wall. They are both cationic (positively charged) and amphiphilic (contain
both hydrophobic and hydrophilic properties), though have a high ratio of hydrophobic
head groups [68, 69]. AMPs are characterised by their secondary structure, with the
most common being a-helix and -sheet structures. They are able to selectively bind to
the surface of the negatively charged bacteria cell wall and insert their hydrophobic head
groups into the bilayer causing disruption. There are three main models which describe
how the peptide specifically breaks down the membrane: a) the barrel-stave model, b)
the carpet model, and c) toroidal pore model, shown in Figure 1.6. The barrel-stave
model describes clusters forming on the surface which insert themselves into the bilayer,
with the hydrophobic head groups interacting with the hydrophilic ends of the bilayer,
forming hydrophilic pores that lead to lysis (Figure 1.6 a). In the carpet model, AMPs
form layers on the bacteria surface, with the hydrophobic end facing the bilayer. The
AMPs cover the surface like a carpet and destroy the cell wall like a detergent (Figure
1.6 b). The toroidal model is similar the the barrel-stave model, however the the head
groups of the AMP are always in contact with the opposing head group of the bilayer,
causing the lipids within the bilayer to re-orientate themselves and curve to form a pore

in the surface (Figure 1.6 c).

Along with natural AMPs, synthetic AMPs can be produced which are a more

favourable option when considering AMPs for wide-scale use. Synthetically produc-
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Figure 1.6: Schematic representing the AMP mechanisms of action. AMPs bind to the
surface of the bacterial cell wall and disrupt the wall by one of three mechanisms. a) Barrel-
stave model, b) the carpet model, or ¢) the toroidal model. Reproduced with permission
[68]

ing AMPs allows the production of large quantities, and the ability to tailor the AMP
to heighten the antimicrobial activity, and exclude any toxicity or weaknesses [70]. In
this thesis a novel synthetically produced AMP known as IKS8, is used to target 2-species
oral biofilms [71]. IK8 is an amphiphilic S-sheet folding AMP, the structure of which
is shown in Figure 1.7. The IK8 structure consists of recurring (X;Y;X2Y2),-NHs se-
quences where X refers to hydrophobic amino acids (Arginine (R)), Y is cationic amino
acids (Lysine (K)) and n is the number of repeat units. For IK8, n=2, hence there are 8
amino acids in the sequence - IRIKIRIK-NH5. IK8 remains a monomer in solution due
to the electrostatic repulsion between Arginine and Lysine. Thus far, IK8 has shown
antimicrobial activities against bacteria such as Staphylococcus aureus, but has not been

tested against any oral species [71, 72].
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Figure 1.7: Structure of the synthetic antimicrobial peptide known as IK8, produced by
Ong et al.. X: hydrophobic amino acids (Arginine (R)), Y: cationic amino acids (Lysine (K))
and n: number of repeat units. Figure reproduced with permission from [71]. Copyright
2013 WILEY-VCH Verlag GmbH Co. KGaA, Weinheim

1.2 Microfluidics

1.2.1 Microfluidic background

Microfluidics is the manipulation of small volumes of fluids on the micron scale, with
increased control over the flow due to the presence of a laminar flow regime. Microfluidic
devices have a small channel etched into either a polymer or glass, and are commonly
referred to as 'Lab on a Chip’ as they have the capabilities to contain an experiment
from start to finish by providing the environment for sample growth (where necessary
for biological samples) and subsequent analysis. Microfluidic devices are tailor made,
require very small quantities of samples and reagents, can mimic micro-environments,
are high-throughput, can carry out non-invasive real-time analysis, are compatible with

many microscopy and spectroscopy techniques, and are low cost [73-75].

One of the main advantages of microfluidics devices is that they can be designed to
specific experimental requirements, and made in-house using rapid prototyping tech-
niques [76]. Microfluidic devices are typically fabricated from polydimethylsiloxane
(PDMS), a silicone polymer that is transparent, bio-compatible, and permeable to gas

[77]. The device design is cast into the PDMS and the device then bound to a glass slide
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Figure 1.8: Schematic example of a single channel microfluidic device.

(or coverslip) using oxygen plasma treatment. An example of a microfluidic device is

shown in Figure 1.8.

In order to predict and model the fluid flow in microfluidic channels, the Navier-
Stokes equation can be used which describes the motion of viscous fluids. The Navier-
Stokes equation for incompressible, Newtonian fluids is given in Equation 1.1 where
v is the fluid velocity, p is the fluid viscosity, p is the fluid density and p is the fluid
pressure [78]. The equation describes the conservation of momentum, where each term
represents a different force acting on the fluid: a) inertial forces due to fluid acceleration,
b) the external pressure applied to the fluid, where fluid flows in the direction of the
largest pressure change, c¢) viscous forces where increasing the viscosity acts to diffuse

momentum, and d) represents any external forces such as gravity or electromagnetic

interactions.
(6y+y VU) = -Vp+uViv+ F (1.1)
ot —— T
b ¢
op
1.2
LV () =0 (12)

The Navier-Stokes equation is solved along with the continuity equation given in
Equation 1.2 which represents the conservation of mass, and as the model is with an
incompressible fluid, the fluid density is assumed constant reducing Equation 1.2 to
V-v = 0. Certain flow regimes may simplify the Navier-Stokes equation further, however
to solve this model simulation software such as COMSOL Multiphysics software is often

required which provides predictions of the fluid flow under various boundary conditions,
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but is time intensive and potentially costly [78].

To quickly and efficiently predict fluid flow, dimensionless numbers are implemented,
such as the Reynolds number (Re) [79]. Re is characterised as the ratio of inertial forces
to viscous forces, shown in Equation 1.3 where L is the characteristic linear dimension

of the system dependent on the flow geometry.

Re — ?‘in'ertial _ pVL (13)
viscous H

For rectangular channels, as is common in microfluidics, L is equal to the hydraulic
diameter (Dp), which is defined in Equation 1.4, where A is the cross-sectional area
of the channel, P is the channel perimeter, w is the width of the channel, and & is the
height of the channel.

B % _ 2wh

D = — 14
H P w+h (1.4)

For Re < 2000 viscous forces dominate and fluid flows in a continuous and smooth
manner, known as laminar flow. For Re > 4000, the inertial forces begin to dominate
causing a turbulent flow regime, where the flow is erratic and unpredictable [79, 80]. In
microfluidics it is common for Re < 1, known as Stokes flow, confirming that inertial
forces are negligible in these regimes. This therefore simplifies the Navier-Stokes equation
to a linear, time-independent equation that is much simpler to solve, uV?v — Vp = 0

[80).

An important factor to consider when using microfluidics to grow biofilms is the
shear forces acting on the biofilm as a result of the fluid flow. This can be calculated by
Equation 1.5, where 7 is the shear stress (dynes/cm?), p is the fluid viscosity (Pa s),

Q is the volumetric flow rate (m®s™1), w is the width and & is the height of the channel

L e

- (1.5)
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1.2.2 Microfluidics for biofilm growth

Microfluidic systems have become increasingly popular in the study of biofilms due to
their ability for real-time analysis, control over the micro-environments, constant flow,
and automation [81]. The versatility of microfluidics allows investigations into specific
aspects of biofilm growth, such as bacterial adhesive properties, biofilm formation, the
effect of shear stresses, antibiotic susceptibility and resistance, to name a few [82-87].
The microfluidic devices used can vary from a simple straight channel device, to those
with complex geometries to control flow and concentrations, multiple channels, multiple

layers, or sensors depending on the experimental outcomes [88-91].

Guanju Wei and Judy Yang studied the impact of fluctuating flow on Pseudomonas
putida biofilms, using a serpentine channel with differing number of turns to determine
the frequency of the fluctuation. Low frequency fluctuations promoted biofilm growth
while high frequency fluctuations inhibited growth - a finding that could be used as
a strategy to control biofilm formation in diverse natural and engineered systems [85].
Ntria Blanco-Cabra et al. developed a microfluidic platform with electrode sensors on
the base of the biofilm growth chamber, which are able to monitor biofilm growth an

treatment without any external interference [91].

Oral biofilms have been grown using microfluidics, with William C Nance et al.
demonstrating the success of using a BioFlux microfluidic system to qualitatively and
quantitatively assess the impact of antimicrobials on a multi-species oral biofilm using
live/dead fluorescent staining and CLSM [92]. An ‘artificial teeth’ device was developed
by Raymond H. W. Lam et al., where a device contained 128 individual chambers to
perform simultaneous cultivation and analysis on Streptococci spp and F.nucleatum under
different conditions such as nutrient composition and oxygen levels [93]. The versatility
of microfluidic devices makes them an attractive choice for biofilm growth, especially with
the benefit of in situ, real-time analysis and direct easy compatibility with microscopy
and spectroscopy techniques, which is not possible with other traditional biofilm growth
methods. In this thesis microfluidic devices are used for mono- and multi-species biofilm

growth to allow for the long term, non-destructive characterisation of biofilms using
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Raman spectroscopy.

1.3 Raman Spectroscopy

1.3.1 Raman Background

Raman spectroscopy (RS) is a form of vibrational spectroscopy where light interacts
inelastically with matter to produce a spectrum showing the molecular fingerprint of
that sample [94]. It was first described theoretically by Smekal in 1923 followed by
Kramers and Heisenberg developing a quantum theory of scattering in 1925, furthered
by Dirac in 1927. Raman scattering was first observed by C.V. Raman and K.S. Krishnan

in 1928, of whom the scattering is named after [95].

Since its discovery RS has been extensively used in scientific analysis as it can be
used on most materials, it’s highly specific so can differentiate similar chemical structures
and small changes in material structure, it’s non-destructive, no sample preparation is
typically required, and can be used with aqueous solutions [96]. For these reasons RS
has become a popular analysis tool to investigate biological samples such as colorectal

cancer cells, brain tumours, coronary artery, cornea, bacteria and biofilms [97-102].

Not all molecules are considered ”Raman active”, and a molecule may not be Raman
active in all it’s modes of vibration. Raman scattering is induced by a change in polaris-
ability of the molecule, therefore a molecule undergoing a symmetric stretch may cause
a change in polarisability while its bending mode may not. Infrared (IR) absorption is
considered complimentary to Raman scattering as not all molecules are IR active”, as
for IR to occur the dipole moment of a molecule must change during vibrations. For
molecules with a centre of symmetry, a Rule of Mutual Exclusion applies whereby if
a molecule is Raman active in one mode of vibration it is therefore IR in-active, and

vice-versa [103].

The theory behind Raman scattering can be explained in a classical and quantum

context, as presented in the sections below.
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1.3.2 Classical theory

Raman scattering can be explained by the classical theory of electromagnetic radiation
[104-106]. The electric field strength of a fluctuating, time-dependent, electromagnetic
wave is given by

E = Eycos(2mit) (1.6)

where Eg is the vibrational amplitude and vy is the frequency of the incident light. If a
molecule is in the presence of an electric field, the surrounding electron cloud is disrupted

resulting in an induced dipole moment, wu:
p=a-E=a«a-Eycos(2npt) (1.7)
If a molecule is vibrating at frequency v,,, then the nuclear displacement ¢ is given as
q = qocos(2mupt) (1.8)

where qq is the vibrational amplitude. The molecular polarisability, «, denotes how easy
it is to distort the electron cloud of a specific molecular bond. Nuclear vibrations affect
the polarisability, so in order to see the dependence of o on these vibrations, ¢, a Taylor

expansion is performed for small deviations

a=alg) =ag+ (> gt (1.9)

Combining these equations, we obtain a final equation for the time dependent induced

dipole moment,

Oo

wu(t) = apEy cos(2mipt) + (8(]) - Eoqo cos(2mpt) cos(2mvpm,t) (1.10)

18



Using the trigonometric identity 2cos(A)cos(B) = cos(A + B) + cos(A — B), the above

equation can be expressed as

= apgEy cos(2mpt) + <ga> . quo [cos((vp — vm)2mt) + cos((vo + vm)27t)]  (1.11)
~— q

Rayleigh Scattering Stokes anti-Stokes

It is clear from the Equation 1.11 that the the induced dipole moment oscillates at
three distinct frequencies. The first term oscillates at the same frequency as the incident
radiation therefore the light scattering is elastic and known as Rayleigh Scattering. This
term also has no dependence on the nuclear vibrations. The second term is dependent
on the difference between the incident frequency (vg) and the molecular normal mode
frequency (v,,). This represents inelastic scattered light and more specifically that of
a lower frequency, this is known as Stokes scattering. The third term is also inelastic
scattering but is instead dependent on (vy + vy,) so the scattered light has a frequency
greater than that of the incident, known as Anti-Stokes scattering [105]. From the above
equation it is evident that for Raman scattering to occur the rate of change of the

polarisability with respect to vibration must be nonzero,

<g‘;> 20 (1.12)

As the change in polarisability would be relatively small, the detected Raman signal
is weak compared to Rayleigh scattering. The polarisability of a molecule can be graph-
ically represented by an ellipsoid [108]. If the size, shape, or orientation of the ellipsoid
changes during a molecular vibration, the molecule is Raman active. Figure 1.9 shows
the molecular vibrations for a COs molecule, along with a graph showing how the po-
larisability changes with the vibration coordinate. The symmetric vibration (v7) is the
only mode which completely changes the polarisability ellipsoid and produces a non-zero
value of da/dq. For the bending and symmetric stretching vibrations the ellipsoid is
the same at 4q so for small displacements there is no change in polarisability so these

modes are not Raman active.

The frequency at which the molecules vibrate can be calculated by modelling them as
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Figure 1.9: Schematic showing how the polarisability, represented by an ellipsoid, changes
during the molecular vibrations of a CO2 molecule, along with the graphical representation
of the change in polarisability with vibration coordinate. Only the symmetric stretching has
a non-zero representation of Equation 1.12; therefore is the only Raman active mode [107].
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two balls attached to a spring (diatomic molecule). This two atom system follows simple
harmonic motion, where the amplitudes of the vibrations are inversely proportional to
the masses, thus keeping the centre of mass stationary. The frequency of the harmonic
oscillations is given by Equation 1.13, where k is the spring force constant (which is a

function of the bond energy) and p,, is the reduced mass of the two atoms, m; and ma.

1 k mims

i = —2A12_ (1.13)

Uy = — | —
U2\ m1 + ma

Equation 1.13 shows that the frequency of molecular bonds are unique as they’re
dependent on the force constant and the atomic masses involved in that interaction. The
value of the force constant, k, can be approximated for different bonds: 3 - 6 (single),
10 - 12 (double), and 15 - 18 (triple), showing that the stronger double/triple bonds will
have a higher frequency [109]. Heavier atoms will result in a higher reduced mass and
therefore a lower frequency. If a bond is strongly polarised, such as O-H, C-O, N-O,
the vibration will only have a small resultant effect on the polarisation, so will only be
weakly Raman active. Strong Raman scatterers tend to be those with covalent bonds

such as C=C, C-S, S-S, or aromatics [110].

While the classical theory explains well the nature of polarisation, it does have some
limitations. Many approximations were made, such as assuming harmonic motion and a
Taylor expansion only to the first order. Considering anharmonicity introduces overtones
which are generally much weaker than fundamentals [109]. Furthermore, by considering
only the first order Taylor expansion the theory is limited to linear Raman scattering,
whereas further expansions and consideration of the susceptibility of the material leads
to non-linear scattering processes such as Stimulated Raman Scattering, coherent anti-

Stokes Raman or coherent Stokes Raman scattering [107, 111].

1.3.3 Quantum theory

Quantum mechanics states that energy is quantised, therefore molecules can only exist

in quantised energy levels (electronic, vibrational and rotational). For this reason we
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know that vibrational energy cannot be continuous but must have discrete values. For a
harmonic oscillator all vibrational energy levels are equidistant and a molecule can only
transition to its neighbour states, that is Av = +1. The vibrational energy levels for a

harmonic oscillator can be found using Equation 1.14,
1
E, = <vv+2> hv v, =0,1,2... (1.14)

where v is the vibrational frequency of the oscillator, v, is the quantum number which
can only be whole integers, and h is Plank’s constant. The zero point energy occurs
when v =0, F = %hu, showing that even in the vibrational ground state the molecules
still undergo vibrational motion, which agrees with Heisenberg’s uncertainty principle
as if the molecule were to stop moving it would be possible to define both the position

and momentum simultaneously [112].
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Figure 1.10: Jablonski Energy diagram showing the difference between (1) IR absorption,
(2) Rayleigh scattering, (3) Stokes and (4) anti-Stokes Raman scattering, and (5) Fluores-
cence. The energy state Ey and E; show different electronic states. Colours were used
to indicate the shift in energy/frequency of the photon (either to red or to blue). Figure
reproduced with permission from [107].

For scattering to occur, the molecule must be excited to a “virtual” energy level
according to quantum mechanics. Classically this “virtual” state does not exist. After

any scattering event, the conservation of energy must be maintained. For elastic Rayleigh
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scattering, the molecule transitions back from the virtual state to its original energy level,
emitting a photon of equal energy to the incident photon. During Raman scattering,
the molecule ends up in a higher or lower energy state than it began in, therefore the
emitted photon either has lower energy (Stokes) or higher energy (anti-Stokes), so the

total energy of the system remains the same.

Figure 1.10 shows a Jablonski diagram which demonstrates the different energy
level transitions for infrared absorption (1), Rayleigh scattering (2), Stokes and anti-
Stokes Raman scattering (3,4), and fluorescence emissions (5). IR absorption is the
transition between vibrational energy states, and fluorescence is the excitation of a pho-
ton to a higher electronic state (absorption), followed by the non-radiative transition to a
lower electronic state, and then the return of the photon to the ground state (emission).
Fluorescence is an absorption and emission process and only occurs during resonance,
when the incident photon matches the energy difference between the ground state and
a higher electronic energy level state. Fluorescence is a relatively much slower process,
taking on the order of nanoseconds. [113]. RS is an inelastic scattering process which
is fundamentally different to the absorption/emission process of fluorescence. It is a
non-resonant process causing excitation to a virtual energy state. It is an instantaneous
process of energy coupling from the photon to the molecular vibrations, and back again.
If the scattered photon gains energy it is known as anti-Stokes scattering, and if it loses

energy it is known as Stokes scattering.

1.3.4 Non-linear Raman Spectroscopy

Coherent RS techniques such as CARS and SRS, unlike spontaneous RS involve multiple
incident laser sources therefore non-linear optical polarisation must be considered due to
the effects of multi-wave mixing [114]. Both linear and non-linear optical effects can be
understood by considering the effect of the electromagnetic wave on the charge particles
in a material. The applied electric field induces a dipole moment by causing a small

displacement of bound electrons from their equilibrium position. The induced dipole
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moment is defined as

p(t) = —e-r(t) (1.15)

where e is the charge of the electron and r is the displacement. 7 is dependent on
how tightly bound the electrons are to the nucleus, and for small displacements can be

modelled as a harmonic oscillator as previously mentioned.

The polarisation of the material, P, is the sum of the electric dipoles in a unit area,
N,
P(t) = Nu(t) (1.16)

and for weak electric fields, the displacement of the electrons is directly proportional to

the electric field, thus the polarisation can be written as
P(t) = eox E(t) (1.17)

where € is the electric permittivity and x is the susceptibility of the material. The
susceptibility is a dimensionless proportionality constant that describes the degree of
polarisability of a material with respect to the applied electric field. Equation 1.17
therefore states that for small displacements, the polarisability is linearly proportional

to the electric field.

Non-linear optical effects are introduced when there is a strong field causing large
electron displacements or multiple electric fields are involved, meaning that the displace-
ment can no longer be modelled as a harmonic oscillator and anharmonicity can no

longer be ignored [115].

For non-linear optics the polarisation can now be expressed as a power series to the

nth order
P(t) = eo[xVE®) + XD E2#) + x\®PE}(t) + ... = PO@#) + PA (@) + PO (¢)  (1.18)

The physical processes that occur at the second order, P?, are distinct from the third

order, P3. Second order non-linear polarisation can only occur in non-centrosymmetric
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crystals (crystals that lack inversion symmetry), therefore for liquids, gases, amor-
phous solids (such as glass), and some crystals, x? vanishes. Third-order nonlinear
optical interactions described by x®) can occur for both centrosymmetric and non-

centrosymmetric systems [116].

Coherent, non-linear raman spectroscopy techniques such as CARS and SRS are as

a result of the third order polarisation, P2, and are thus dependent on X(3)~

1.3.5 Stimulated Raman spectroscopy (SRS)

SRS is a coherent, non-linear process involving two photons instead of one. The result
is an enhanced signal with non-resonant background, and acquisition rates much faster
than spontaneous RS. SRS is not completely background free, with self-phase modulation
and laser background still having an impact, though is much less than in spontaneous
RS. For SRS, two photons are incident on the sample - a pump photon of frequency w;,,
and a Stokes photon of frequency ws. If the frequency difference (Aw = wy, —ws) between
these photons matches a specific molecular vibration, the occurrence of this transition

is enhanced.

During spontaneous RS, where only the pump beam is incident on the sample, the
probability of a vibrational transition resulting in Raman scattering is low. The inclusion
of the Stokes beam, which is spatially and temporally synchronised with the pump beam,
stimulates the vibrational transition to increase scattering by ~10% and also increases
the relaxation rate to the vibrational state, making SRS a much faster process than
spontaneous RS [117]. Figure 1.11 compares and demonstrates the energy transitions
for spontaneous RS and SRS. During the transition, a pump photon is lost while a Stokes
photon is gained, resulting in the output pump and Stokes beams showing a respective
energy loss and gain. The energy loss or gain in the beams are modulated and used to

determine the SRS signal [118, 119].

The speed and significant enhancement properties of SRS make it a desirable spec-

troscopic tool in all fields. There are other RS processes, such as Coherent anti-Stokes
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Raman Spectroscopy (CARS) which is significantly stronger than RS and much easier
to implement, which uses three photons but has lower signal intensity than SRS [105].
Surface-enhanced Raman Spectroscopy (SERS) utilises the enhancement properties of
rough metal surfaces or nanoparticles to enhance local signals by several orders of mag-
nitudes [120]. The type of RS used is dependent on the sample and the desired outcome,

but all are increasingly being used for biological analysis.
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Figure 1.11: Comparison of spontaneous RS (top) and SRS (bottom) energy transitions.
RS induces spontaneous Stokes scattering with one incident photon, whereas during SRS the
additional Stokes photon stimulates the transition, and results in the output having a pump
loss and Stokes gain. Reproduced with permission from [117]. Copyright 2021, Elsevier.

1.3.6 Raman spectroscopy of oral biofilms

Raman spectroscopy has gained a lot of interest in the biofilm community as it provides
label free, non-destructive spectral analysis with high spatial resolution. This process
enables rapid microbial detection and has been shown to identify individual species of
bacteria, identify bacteria in different metabolic states, test antibiotics and resistant
strains, and even identify bacterial species within a multispecies biofilm [121-124]. The
first document of using RS to investigate oral bacteria was in 2003 by Andrew J. Berger &
Qingyuan Zhu, where RS and cluster analysis were used to successfully identify four oral

streptococci species [121]. This group pioneered research into oral bacteria and biofilm
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using RS. They went on to show that RS can be used to identify and quantify bacteria
(Streptococcus mutans and Streptococcus sanguis (now reclassified as S.sanguinis) within
a poly-microbial mixture [125], and later advanced their methods to identify and map
bacterial species within 2-species biofilms [126, 127]. The model used combined principle
component analysis and a linear regression model to predict the species of bacteria
present in each voxel of a mapped area of biofilm, accurately predicting 94% S.mutans

and 92% S. sanguinis species correctly.

The biofilm matrix of mono- and dual-species E. faecalis and A. naeslundii biofilms
has been studied to identify the biochemical composition and structure of these biofilms
[128]. The main spectral differences of these two species were found in the spectral
regions around 1270 — 335 cm™! and 1000 — 1125/800 — 980 cm ™!, which were assigned
to protein and polysaccharides, respectively. Further work by this group has shown
that the composition of the biofilm matrix varies significantly between mono- and dual-
species biofilms, indicating that the two species influence each other on a biochemical

level during growth [129].

Recent work by Kriem et al. used RS and statistical modelling to differentiate be-
tween 5 common types of subgingival oral bacteria: F.nucleatum, S.mutans, Veillonella
dispar, A.naeslundii and Prevotella nigrescens. Using the spectra from planktonic sam-
ples as a reference, they were able to successfully identify each biofilm with 90% accuracy
by using a 2-way orthogonal Partial Least Square with Discriminant Analysis (O2PLS-
DA) [130]. Further work by Kriem et al. mapped and identified Actinomyces denticolens
and Streptococcus oralis bacteria in dual-species biofilms, using CLSM and FISH to iden-
tify bacteria morphology and distribution, which supported and confirmed the Raman
map cluster analysis [124]. This process of using Raman maps and cluster analysis to
analyse multi-species biofilms is the most advanced and detailed RS analysis of oral
biofilms to date. There is however room to build on this method as thus far all biofilms
were fixed prior to analysis (killing and preservation of the cells), therefore analysing
biofilms in real-time would allow for long term studies and mapping of biofilm growth
over time. This method is also limited to a spatial resolution of 1um, and the long acqui-

sition times associated with taking Raman maps with spontaneous RS. It is important
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to determine how far scan times can be reduced without diminishing the quality of the
maps. It would also be beneficial to look at Raman maps across the z-axis to see the

variation across the biofilm depth.

SRS imaging has only recently been used for biofilm analysis, though at the point of
writing there has been studies on oral biofilms. SRS has been used to study the real-time
antibiotic effect of vancomycin on S. aureus biofilms, finding that the penetration into
the biofilm is limited and non-uniform, showing eradication of thin areas of biofilm while
thick areas remain viable [131]. The high resolution, enhanced signals and high speed of

SRS makes it an ideal method for real-time analysis of biofilms.

1.4 Microbubbles and Ultrasound

1.4.1 Microbubble background

Microbubbles (MB) are defined as a gas core with a diameter 1 - 10 pm [132]. The
gas core, typically air or perfluorocarbon, is stabilised by a lipid, polymer, or protein
monolayer, which increases the lifetime of the MB. Since their discovery in the 1960’s
MBs have been widely used as ultrasound (US) contrast agents due to the high acoustic
impedance mismatch between their gas core the surrounding medium. This causes sig-
nificantly enhanced echo-scattering (or echogenicity), reducing the signal-to-noise ratio
and makes the area of interest distinguishable from surrounding tissues [133]. Having a
gas core and relatively flexible shell means MBs are compressible, therefore when sub-
ject to an US wave the MB will experience volumetric oscillation. If the frequency of
oscillation is too high, the MB will collapse in a process called cavitation. This feature

makes MBs an ideal method for controlled drug delivery and release [134, 135].

MBs are only clinically approved for use as US contrast agents at this point, and
are most routinely used in echocardiography [136]. In order for MBs to fit through
vasculature and not cause embolism, clinically accepted MBs are <8 pym, with the average

size being 1-3 pm, [136-138]. This size of MBs have a resonant frequency of 2-15 MHz
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which fortunately overlaps with the frequency range that is commonly used in diagnostic
US [139]. One further benefit of MBs is that they can be tailored for a specific purpose.
The composition of the shell and choice of gas core determines the acoustic response
and stability of the MB, however it is possible to incorporate drugs or antibiotics into
the MB by attaching to the outside of the MB, incorporating into the monolayer, or via
encapsulation within the MB [140, 141].

1.4.2 Formulation and stability

The first discovery and use of MBs were just air bubbles with no shell. Many naturally
occurring MBs are just air bubbles, such as those created during teeth cleaning with
ultrasonic toothbrushes [142, 143]. Creating MBs with a phospholipid shell and a high
molecular weight gas core, as is used in this thesis, increases the stability and longevity
of the MB. The stability of a MB sample is often described in terms of how the size
of the population changes over time, that being the rate of diffusion of gas across the
monolayer to the surrounding medium. If the internal pressure of the MB is greater
than the external pressure, the MB will shrink. This relationship between internal and

external pressures is known as the Laplace pressure, as shown in Equation 1.19

20
AP = -Pint - Pext = 7 (119)
where P;,; is the internal pressure of the MB, P.,; is the external pressure of the sur-

rounding medium, o is the surface tension, and r is the radius of the MB.

MB stability is modelled by the Epstein-Plesset equation (Equation 1.20) which
considers the surface tension of a lipid shell and diffusivity of the gas core to calculate

the rate of MB dissolution:

d H 1+ 3% —
- For / (1.20)
dt 5o = Rshen \ 1+ 355

where —% is the change in MB radius over time, D, is the gas diffusivity into the

surrounding medium, Rgpey is the encapsulation mass transfer resistance, o is the surface
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tension of the lipid shell, P, is atmospheric pressure, f is the degassing factor, and H is
the Ostwald coefficient:
H=— (1.21)

where (), is the gas concentration in the aqueous phase, and Cj; is the gas concentration

in the gas phase.

Adding a lipid shell to a gas MB therefore drastically improves the stability and
lifetime of the M B, creating a physical barrier between the internal and external medium,
reducing the Laplace pressure. The most common phospholipids used for the MB shell
are DPPC and DSPC, with chain length 16 and 18 respectively [144-147]. Longer chain
lipids increase MB stability by forming thicker monolayers with increased van der Waals
attraction between the chains, and show enhanced resistance to gas permeation and MB
dissolution [148]. Lipid MBs also have an emulsifier component, such as DSPE-PEG2000
which aids in MB formation and prevents coalescence [149]. MBs can be produced via
mechanical agitation, where the MB lipid solution is saturated with gas and vigorously
shaken, or by using microfluidics whereby a stream of gas is directed through the lipid

solution and pinched off, creating MBs [150].

1.4.3 Therapeutic Microbubbles

MBs are small, non-toxic, versatile carriers which can be ruptured upon US exposure,
making them an ideal candidate for therapeutic drug delivery. Figure 1.12 demon-
strates the four main methods of using MBs for drug delivery. Hydrophobic drugs can
be loaded within a thick oil layer in between the shell and gas core. This was one of
the first methods developed, though the loading capacity needs to be considered as the
oil layer may alter the echogenicity of the MB and cause instability [132]. Hydrophobic
drugs, or just the hydrophobic end of the drug, may be inserted into the shell of the
MB for delivery [151, 152]. Hydrophilic drugs can bind to the surface of the MB shell
through electrostatic interactions by designing the MB so that the phospholipids are of
opposite charge to the drug [153]. Finally, drugs may be loaded into other small vesicles

such as nanoparticles or liposomes which are then attached to the MB via avadin and
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Figure 1.12: Schematic showing the possible methods of drug loading a microbubble. a)
Drugs loaded in an oil layer between the gas core and shell, b) incorporated in the mi-
crobubble shell, ¢) electrostatic attachment to the outside of the shell, d) small, drug loaded

vesicles, attached to the shell. Figure reproduced with permission from [140]. Copyright
2009 RSC.

biotinylated lipids. Liposomes are 100 - 500 nm in size, consisting of an aqueous core
stabilised by a lipid bilayer. By incorporating biotinylated lipids into the lipids shells,
the MB and liposome bind to avadin and load approximately 10° liposomes to the surface

of a MB [152-154].

Using MBs as a carrier, drugs can be delivered to the site of interest and released on
demand with US exposure. The effects of US induced cavitation alone can cause damage
to a surface, in a process know as sonoporation. The mechanisms of MB destruction with
US and sonoporation effects are detailed in Section 1.4.4. Targeted MBs are continuing
to be developed to ensure MBs are delivered to the intended site, and are delivered
at a concentration high enough to take effect. This is particularly important when
treating tumours or delivering chemotherapeutic agents [155, 156]. Nicola InGram et al.
developed therpautic MBs that targeted a tumour endothelial marker (VEGFR2) using
a biotin-neutravadin linker and VEGFR2 antibody [157]. The study found that after

ultrasound exposure the efficacy of the cytotoxic drugs was enhanced, and ultrasound
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triggered release was essential to achieve these effects. Magnetically targeted MBs using
superparamagnetic iron oxide nanoparticles have been used to treat brain tumours, and

also enables direct visualisation of the drug delivery using MRI [158].

Targeted MBs for biofilm treatment has only started to gain interest in recent years
as the need for alternatives treatment strategies intensifies. Caudwell et al. bound MBs
to S.aureus using a protien affimer which targets the clumping factor A (CIfA) virulence
factor. Bound MBs were able to withstand flow rates of 250 pl/min, and led to a 25%
decrease in biomass of the biofilm after US exposure [159]. Kouijzer et al. chemically
coupled vancomycin to the lipid shell of MBs and demonstrated the specific binding to
S.aureus biofilms, which remained successfully attached under shear stress rates of 0 —
12 dyne/cm?, and after US had a 28% reduction in biomass [160]. The sonoporation
effects alone cause sufficient damage to the biofilm surface, and also drastically increase
the drug uptake. However sonoporation is shown to have the most effect when MBs are
bound to, or are extremely close to the biofilm surface (or any desired surface), therefore

it is desirable to develop targeted MBs for biofilm use [161, 162].

1.4.4 Ultrasound

Ultrasound (US) is a sound wave with frequencies above 20 kHz, which is beyond the
upper limit of human hearing [163]. Sound waves are longitudinal waves that propagate
energy through the compression and rarefaction of particles in a medium. The particles
move parallel to the direction of sound wave, however there is no net transport of the
particles themselves. The compression of particles corresponds to high pressure regions,
and rarefaction is low pressure, as shown in Figure 1.13. When MBs are exposed to

an US wave, they too oscillate in tune with the high and low pressure regions.

v=M\f (1.22)

The speed of US (v) is dependent on the wavelength (A) and frequency (f) of the

wave, as shown in Equation 1.22, and varies according to the medium US is travelling
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through. For example, the speed of US in air is 330 ms™', water 1480 ms™', and soft

human tissue 1540 ms~! [164, 165]. These variations are due to differences in density,

elasticity, and stiffness of the medium.
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Figure 1.13: Ultrasound (US) waves are longitudinal pressure waves with high acoustic
pressure during compressions, and low pressure during rarefactions. MBs expand and contact
in tune with the US wave in a process called stable cavitation. Schematic reproduced with
permission from [166].

US waves are generated by a transducer which contains a piezoelectric crystal that

converts electrical current into sound waves. Once sound waves traverse the material,

the reflected signal is detected by the same transducer. As previously mentioned, MBs

will undergo volumetric oscillation in tune with the US wave, expanding and contracting

with each rarefaction and compression. The presence of the lipid MB shell allows the

MBs to withstand higher energy before reaching the point of cavitation. At low acoustic

pressures the MB will oscillate linearly, with small, symmetrical oscillations. As acoustic

pressure increases, the oscillations become non-linear and eventually result in the violent
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collapse of the MB in a process known as inertial cavitation [167].

1.4.5 Microbubble, Ultrasound and Biofilm interactions

Combining MBs and US for therapeutic use against biofilms has many advantages, not
limited to the ability to deliver drugs to a specific site. The response of MBs to changing
acoustics pressure can lead to two forms of cavitation: stable and inertial, both of which

can result in the permeation of biofilm surfaces in a process known as sonoporation.

Low magnitudes of acoustic pressure result in stable cavitation. If the MB is posi-
tioned near a surface, microstreaming occurs creating a vortical flow of the surrounding
fluid, as demonstrated in Figure 1.14 a. Experiments have shown that microstreaming
velocities can reach a few mm s~!, at distances over Imm away [168]. This bulk fluid
flow results in shear stresses being exerted on the nearby surface, directing planktonic
bacteria away from the biofilm, and potentially causing pores to form. The constant
expansion and contraction of MBs during stable cavitation exerts push and pull forces
on the biofilm, leading to the eventual breakdown of the surface, shown in Figure 1.14

b.

Inertial cavitation occurs when the acoustic pressure is above a certain threshold
causing the rapid and unstable expansion of the bubble, where the diameter more than
doubles in size within one acoustic cycle. When the MB violently collapses the resulting
shockwaves and micro-jets perforate the biofilm surface, Figure 1.14 ¢ and d. Micro-
jets occur as a result of the close proximity to the surface. During MB collapse, liquid
on opposing sides of the MB move differently creating a pressure gradient, which causes
a jet of fluid to pass through the MB and penetrate the surface at force [169]. In general,
inertial cavitation creates larger pores in the boundary surface than stable cavitation,

and is thus preferred for application such as biofilm removal and drug delivery [170].

The efficacy of biofilm disruption is dependent on how close the microbubble is to the
surface. While microstreaming can have effects over Imm away, permeability of cells has

been shown to decrease with distance from the surface. Meng et al. have shown that the
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distance between the cell and the microbubble should be no more than 0.68 the diameter
of the microbubble for maximum destruction[161]. It is increasingly popular therefore to
create targeted microbubbles which attach to the biofilm surface, maximising cavitation

effects.
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Figure 1.14: Bioeffects of ultrasound induced microbubble cavitation near a surface. Stable
cavitation: a) microstreaming, b) pushing/pulling on the surface. Inertial cavitation causing
Mb destruction: ¢) shockwaves, d) micro-jet formation. Figure reproduced with permission
from [171].

Many studies have shown that the therapeutic effects of drugs and antibiotics are
increased when used in tandem with MBs . In a 2017 study, Lattwein et al. coined the
term ’sonobactericide’, a biofilm treatment strategy that combines US exposure and MBs,
with or without therapeutic agents [172]. Their proof-of-principle study demonstrated

that the most effective treatment of S.aureus biofilms were those treated with antibi-
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otics, a recombinant tissue plasminogen activator, MBs and US. A study by Dong et al.
found Staphylococcus epidermidis biofilms treated with MB and US were more sensitive
to vancomycin, compared to those treated with US alone or no treatment [173]. A recent
study by Xiu et al. were the first to include chemical degradation of the biofilm as part
of the sonobactericide treatment. The antibiotic piperacillin and Fe3O4 nanoparticles
formed the MB shell which surrounded an air core. The Fe3O4 nanoparticles chemically
degrade the biofilm matrix and induces a biofilm immune response of macrophage po-
larisation into a pro-inflammatory phenotype, which combined with piperacillin achieves

increased cell death [174].

LuTheryn et al. used nitric oxide MBs with and without antibiotics to treat Pseu-
domonas aeruginosa biofilms. Nitric oxide gas is a signalling molecule that is known to
disperse bacteria, and has shown therapeutic properties in wound healing. Nitric oxide
MBs caused a 99.8% reduction in biomass when combined with antibiotics, compared
to only 84.7% without antibiotics [175]. Previously mentioned studies by Caudwell et
al. and Kouijzer et al. used targeted microbubbles that bound to the biofilm surface to

further increase the sonobactericidal effect [159, 160].

When the MB payload is contained in an attached liposome or other nanoparticle, the
delivery mechanism is the same. The sonoporation effects can propel the liposome into
the biofilm delivering the drug further into the biofilm than would have been achieved
otherwise. Liposomes protect sensitive drugs and antimicrobial from external elements
that would otherwise degrade them [176]. For example, the antimicrobial peptide IK8
used in this thesis can be degraded by proteolytic enzymes within the bloodstream,
therefore to ensure the peptide is delivered intact and safely, encapsulation within a
liposome is recommended. Depending on the location of biofilm this may not always
be necessary, as treating oral biofilms has the benefit of direct access and does not
require MB transport in the bloodstream, however the benefits of encapsulated delivery

in conjunction with MB and US may enhance antimicrobial uptake .

Thus far there have been no studies using lipid MB and US, with or without an-

timicrobials, for the treatment of oral biofilms. However, MBs are well known to have
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anti-biofilm effects on oral biofilms as jet streams of naturally occurring air MBs (with
no shell) are commonly produced as a result of ultrasonic toothbrushes [142]. Further-
more, microbubbled water, cavitating jet streams, and water flosssers with MBs have all
been investigated as ways to remove oral biofilms and improve oral health care [177-180)].
Therefore, combining MBs, US and therapeutic agents has promising outcomes on the

control and treatment of oral biofilms.

1.5 Project aims and thesis outline

The aim of this project was to develop a method of using microfluidics and RS to
characterise S.salivarius and A.naeslundii multi-species oral biofilms over time, and use
MBs, US and IK8 as an alternative method of biofilm treatment. The combination of
these techniques in this unique way allows the entire process to be conducted in one

self-contained microfluidic environment.

Chapter 2 provides details on the methodologies used to undertake this research on

S.salivarius and A.naeslundii oral biofilms, microfluidics, RS and MBs.

Chapter 3 initially describes the development of a microfluidic platform for multi-
species biofilm growth, that is optimal for long term growth, RS analysis, and MB
treatment. The chapter goes on to demonstrate how spontaneous RS was used to differ-
entiate between planktonic S.salivarius and A.naeslundii, and characterise mono- and

2-species biofilms over 5 days using PCA and LDA.

Chapter 4 uses SRS and TPF to further analyse biofilms in ways that were not
possible with spontaneous RS in chapter 3. SRS hyperspectral images, SRS z-stacks,
and TPF z-stacks were taken of mono- and 2-species (fixed) biofilms on Day 1 and Day
5. Numerous methods of analysis were demonstrated, however k-means clustering was
considered reliable and used throughout. The work in this chapter was performed at the

EPSRC funded CONTRAST Facility at the University of Exeter.
Chapter 5 describes the use of liposomes, MBs, US and IK8 for 2-species biofilm
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treatment. Multiple treatment methods were applied to biofilms grown in 96-well plates,

with analysis methods including colony counting and confocal imaging.

Chapter 6 provides a summary of the work in this thesis and discusses how this

work can be developed and continued in future works.
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Chapter 2

Materials and methods

2.1 Multi-species Biofilm Growth

The oral biofilm model and methods used in this thesis are based on a 5-species biofilm
developed by Monika Naginyte [181]. The original 5-species model was a pathogenic
biofilm consisting of early colonisers Streptococcus salivarius and Actinomyces naeslundii,
a bridging organism Fusobacterium nucleatum, and two pathogenic species Porphory-
monas gingivalis and Prevotella intermedia. The work in this thesis could be extended
to the 5 species model, however a 2-species model using Streptococcus salivarius and
Actinomyces naeslundii was chosen to begin with while the method of on-chip Raman
analysis was being developed. In the oral cavity, the biofilm typically builds in order
from early coloniser to pathogenic, therefore the early colonisers were chosen for the
2-species biofilm as they are the basis of this pathogenic biofilm. This also allowed for
extension of the biofilm model if time allowed. For this reason, the 2-species biofilm in
this thesis is not the type of sub-gingival pathogenic biofilm one might be looking to treat
in oral healthcare, but is a starting model to understand the process of growing multi-
species biofilms on-chip, using Raman spectroscopy as a non-invasive real-time method

of biofilm analysis, and as a model biofilm for studying treatment using microbubbles.
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2.1.1 Bacterial growth

Frozen stocks of Streptococcus salivarius and Actinomyces naeslundii were stored in a
40% glycerol solution at -80 °C. To culture the bacteria, using a sterile plastic loop 10
pl of each frozen stock was spread onto 5% Horse Blood Columbia Agar (HB-CBA)
(Sigma-Aldrich) plates and incubated in an aerobic environment at 37°C for 24 hours,
to achieve single colony formation. Three or four single colonies were then transferred
to 5 ml of Brain Heart Infusion broth (BHI) (Sigma-Aldrich) and incubated at 37°C,
shaking at 200 RMP for 24 hours.

S.salivarius A.naeslundii
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Figure 2.1: Cell density (CFU/ml) v Optical density (ODggo) bacterial calibration curves
for a) S.salivarius and A.naeslundii. For ODgop = 0.2, CFU/ml = 2.5x10°% and 3x10° for

S.salivarius and A.naeslundii respectively.

Cell density (CFU/ml) v optical density (ODggp) calibration curves for S.salivarius
and A.naeslundii were taken. Bacteria was grown in broth as described above for 24
hours, diluted 8 times in a 2-fold serial dilution. The optical density of each dilution was
taken, and the sample then spread on an agar plate and incubated at 37°C for 24 hours.
After 24 hours, the number of colony forming units were counted for each dilution and
plotted against the corresponding ODggg. The calibration curves for both species are

shown in Figure 2.1.
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2.1.2 Media composition

Media used for biofilm culture is designed to be more reflective of the oral environment
in vivo, than standard nutrient media, thus is a composite of 3 media types - basal
medium, artificial saliva, and fetal bovine serum. Specific details of basal medium and
artificial saliva can be found in Table 2.1. Basal medium is a nutrient-rich medium
which was successfully used to culture multispecies oral biofilms by McKee et al [182] ,
and was later modified by Bradshaw et al [183] to include artificial saliva. Previous work
by Naginyte found that a protein rich media combination was optimal for this specific

biofilm growth: 20% fetal bovine serum (Sigma-Aldrich), 20% basal medium, and 60%

artificial saliva [184].

Biofilm Media Composition

Basal Media

Proteose peptone (Sigma-Aldrich)
Tryptose peptone (Sigma-Aldrich)
Yeast extract (Fisher Scientific)
L-Cysteine hydrochloride (Sigma-Aldrich)
Hemin (Sigma-Aldrich) *
Menadione (Fluorochem Ltd)*

10 (g/L)
5 (g/L)

5 (3/L)
0.5 (3/L)
0.00002 (g/L)
0.00004 (g/L)

Artificial Saliva

Hog gastric mucin (Sigma-Aldrich)
NaCL (Sigma-Aldrich)

KClI (FIsher Scientific)
KH3PO, (Sigma-Aldrich)
Ascorbic Acid (Fisher Scientific)
Urea (Fisher Scientific)*
Arginine (Sigma-Aldrich)*

2.5 (g/L)
0.381 (g/L
1.114 (g/L
0.738 (g/L
0.002 (g/L

9 mM
5 mM

)
)
)
)

Table 2.1: Composition of media components. *filter-sterilised, added after autoclaving.

The pH of the media were adjusted to 7.4.
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2.1.2.1 Heat-inactivation of Serum

Fetal-Bovine serum, used in culture media, was heat-inactivated to inactivate the com-
plement cascade. Serum was heated to 56°C for 30 min in a water bath, aliquoted to 50

ml and stored at -20°C.

2.1.2.2 Human Saliva Sterilisation

Human saliva was sterilised using the protocol by Palmer et al [185]. A volunteer was
asked to drool saliva into a falcon tube at least 1.5 hours after eating, drinking and
tooth brushing. Saliva was stimulated via mastication of Parafilm and stored on ice.
DL-dithiothreitol (Sigma-Aldrich) was added for a final concentration of 2.5 mM, and
gently stirred on ice for 10 minutes to reduce protein aggregation. Saliva was then
centrifuged at 17,000 g for 25 minutes. The saliva supernatant was removed and diluted
50% in sterile PBS. Diluted saliva was filtered through a 0.22 um pore-size low-protein-
binding filter (Millex-GV, Merck), and frozen at -20°C in 1 ml aliquots. To check the
efficiency of the protocol, 50 pl saliva was inoculated onto HB-CBA plates and incubated
at 37°C for 24 hours.

2.2 Microfluidic Device Fabrication

Microfluidic device fabrication was a three step process: device designs were first created
in AutoCAD, photolithography was used to create a negative photo resist master wafer

of the design, and the PDMS devices finally created using soft lithography.

The original device used in the microfluidic set up version 1, was designed by Dr
Julia Gala de Pablo. The device used in version 2 and all subsequent experiments was

designed and fabricated by Aileen Delaney.
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2.2.1 Photolithography

A 3-inch (76.2 mm) diameter silicon wafer (PI-KEM Ltd, Tamworth, UK) was cleaned
with acetone, MilliQ, and dried with compressed air. The wafer was placed in an oven
at 200°C for 30 minutes to fully dehydrate. The wafer was then removed and left to cool
to room temperature, Figure 2.2a. The SU-8 2075 negative photoresist (MicroChem,
Warwickshire, UK) has a high viscosity so was removed from the fridge and left to reach
room temperature for 1 hour to aid in pouring. Approximately 3 ml of SU-8 2075 was
spin-coated onto the wafer. A maximum spin rate of 1350 RPM was applied to achieve
SU-8 coating thickness between 150 - 170 pm. A series of incrementally higher spin speed
steps were used to encourage the even spread of the SU-8 photoresist across the surface
of the wafer, Figure 2.2b . To remove any solvent remnants, the wafer underwent a soft
bake whereby the wafer was placed on a room temperature hot plate, the temperature
was increased to 55°C (which took approximately 5 minutes to reach), and then left for

55 minutes to bake, Figure 2.2c. The hot plate was then turned off and the wafer was

-

i 150 - 170 pm
Silicon substrate o SU-8 2025
D Hot Plate

left to cool for 30 minutes.

(a) Clean Silicon Wafer (b) Spin Coat photoresist (c) Soft Bake (d) Expose
(e) Post-exposure bake (f) Develop Photoresist (g) Hard Bake (h) Completed Master

Figure 2.2: Schematic demonstrating the photolithography process for creating an SU-8
silicon master for microfluidic devices. a) clean silicon wafer, b) spin coat photoresist, c)
soft bake, d) exposure, e) post-exposure bake, f) develop photoresist, g) hard bake, and h)
completed master. Figure reproduced with permission from [186].

Microfluidic designs were created in AutoCAD (AutoDesk, San Rafael, CA, USA)
and arranged across the wafer using CleWin (WieWeb, Hengelo, The Netherlands). As
the SU-8 is a negative photoresist, it crosslinks when exposed to UV-light. Direct-write
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laser (DWL) lithography was used to etch the designs onto the SU-8 layer using a 2
pm, 375 nm laser. Only the areas etched with the laser become crosslinked, leaving the
rest of the wafer still soluble, Figure 2.2d. A dose of 400 mJ/cm? was used for these
microfluidic designs. A low dose is useful for small features and precision etching but
may result in adhesion problems between to wafer and SU-8, whereas a high dose can

cause overexposure and result in bell-shaped channels which are wider than desired.

The wafer then underwent a post-exposure bake to complete the polymerisation of
the SU-8 using the same temperature control as the soft-bake, Figure 2.2e. The wafer
was then left to cool for 30 mins. Wafers were developed by submerging in ethylene
carbonate (EC) solvent for 10 mins to remove any non-crosslinked SU-8, and rinsed with
isopropanol (IPA) to ensure all remnants had been removed, Figure 2.2f. The wafer
underwent a final hard bake at 180°C, slightly below SU-8 glass transition temperature
of 210°C, for 15 mins to remove any cracks in the SU8, Figure 2.2g. The wafer was
then complete and ready for PDMS device fabrication, Figure 2.2h. The height of
the developed devices were measured using a surface profiler (Dektak@® XT, Bruker,
Billerica, MA, USA). A 2 pm stylus tip performed a line scan across the channels, using
a force of 2 mg, to measure the height profile of the devices at several positions. Profiles
of the measured heights were obtained and averaged to determine the overall height of

individual devices.

2.2.2 Soft lithography

Microfluidic devices were made by casting the wafer design into polydimethylsiloxane
(PDMS). PDMS was prepared by mixing the elastomer base and curing agent (Sylgard
184, Dow Corning, Midland, MI, USA) at a 10:1 ratio, and centrifuging at 4000 RPM
for 2 mins to remove any air bubbles. The PDMS mixture was poured onto the wafer
in a petri dish to achieve a 1 mm thickness, Figure 2.3a, and left under vacuum for 1
hour to remove any excess gas dissolved in the PDMS. The PDMS was then cured in
an oven at 75°C for at least 1 hour. Once set the solid PDMS was peeled off the wafer,

Figure 2.3b, the devices cut out with a scalpel and the inlet/outlet holes were punched
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out using a 2 mm biopsy puncher, Figure 2.3c.

PDMS

e —

(a) Pour PDMS (b) Peel away cured PDMS  (c) Punch inlet/outlets

I

(d) Oxygen Plasma Treatment (e) Completed Device

Figure 2.3: Schematic showing the soft lithography process of creating PDMS microfluidic
devices. a) PDMS poured over the master wafer, b) cured PDMS peeled away from the
wafer, ¢) devices cut out and inlets/outlets punched using biopsy punch, d) PDMS and glass
slide undergo oxygen plasma treatment, and e) PDMS and glass slide are bound together
and devices are completed. Figure reproduced with permission from [186].

Individual devices were bound to glass cover slips (Thorlabs Inc. Newton, NJ, USA)
using oxygen plasma treatment. Magic tape was applied to the PDMS and cover slips to
remove any debris, which were then placed inside the plasma cleaning chamber (Zepto,
Diener electronic GmbH, Ebhausen, Germany) and treated for 30 s at 0.3-0.5 mbar
Og, Figure 2.3d. Plasma treatment oxidises the PDMS and glass substrates. Plasma
treatment with oxygen replaces hydrocarbon groups with hydroxyl groups, increasing
the number of Si-O-H groups present on the surface. The PDMS and glass cover slips
were then pressed together with light pressure, forming strong covalent Si-O-Si bonds,

Figure 2.3e [187]. The devices were then placed in the oven at 75°C for 30 mins.

Devices were created at a 1 mm thickness to reduce ultrasound attenuation during
experiments. Though not all experiments would require ultrasound, devices were the
same across all experiments for consistency. Due to the thin PDMS layer, an extra 5
mm block of PDMS was bound to the inlet/outlet ends of the device to increase the
stability of the tubing attachments. These were bound using oxygen-plasma treatment.
Note: due to time limitations, no experiments were performed where ultrasound was

used on chip.
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2.3 Biofilm Growth

2.3.1 Microfluidic set up

The microfluidic device, shown in Figure 2.4a, had a single chamber with two inlets,
one for media and one for bacteria, buffer and fluorescent dye injection, and one waste
outlet. The growth chamber was 12 mm x 2 mm x 150 pgm. Sections of 1.3-mm ID
Tygon tubing (Masterflex, Cole-Parmer) were cut to length, as described in Figure
2.4b. Tubing, metal device connectors, media flasks and waste flasks were all sterilised
for 15 minutes at 121°C in a vacuum autoclave (Sun 23L Class B, MingTai, Ningbo,

China).

Two- and three-way taps and luer lock connectors were soaked in 70% ethanol for 30
minutes and dried under UV for 15 minutes in a sterile class I cabinet (Guardian MSC
T800, Monmouth Scientific Ltd). Following sterilization, the full system was assembled,
and 4 mm diameter 0.22 pm filters were attached to the lids of media and waste lids to
allow pressure equalization. 70% ethanol was then injected into the system, filling the
microfluidic device, and irradiated with UV for 30 minutes for final sterilisation. The
system was then rinsed with 10 ml of PBS to remove any traces of ethanol. A 5 ml
Plastipak syringe of PBS was attached to the buffer inlet and a 20 ml syringe of Biofilm

Media was attached to the media inlet. 1 ml media was injected to fill the tubing.

2.3.1.1 Microfluidic Biofilm Growth

A salivary pellicle on the surface of the chamber better mimics the tooth surface and
helps with bacterial adhesion. 500 pl sterile human saliva was injected into the chamber
via the injection loop and all taps were closed to prevent fluid flow. The device was
incubated for 1 hour at 37°C, then rinsed with 500 pul PBS at a constant rate of 20

pl/min to remove any excess.

Bacterial solution was diluted to ODggp = 0.2 using a SpectraMax M2e well plate
reader (Molecular Devices LLC), corresponding to 2.5x10% and 3x10% CFU/ml for
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Figure 2.4: a) Microfluidic device. Chamber dimensions 12 mm x 2 mm x 150 ym. b)
Microfluidic biofilm growth system. Each section of ID 1.3 mm Tygon tubing is cut to a
specific length, 20 ml syringes used for inlets, 1ml syringe for bacteria injection.
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S.salivarius and A.naeslundii, respectively. Mono-species and 2-species biofilms were
grown. For 2-species, S.salivarius and A.naeslundii were mixed at a 1:3 ratio and 500 ul
of bacterial solution was injected into the injection loop. The system was transferred to
the incubator and connected to the syringe pump (Figure 2.5). Bacteria was injected
into the chamber at a rate of 20 ul/min for 25 minutes after which all taps were closed
and the device was incubated statically at 37°C for 1.5 hrs to allow bacteria to adhere to
the surface. After 1.5 hrs the media flow was started at a constant rate of 20 pl/min (or
a shear stress of 0.33 dynes/cm?). The syringe media was replenished every 24 hours.

The biofilm was cultured for either 1,2,3,4 or 5 days.

s S
2 [T

Figure 2.5: Schematic showing the microfluidic biofilm growth set up. Fluid flow is con-
trolled by a dual syringe pump (allowing 2 biofilms to be grown at once), tubing is fed into
an incubator where the microfluidic chip is placed, and connected to a waste flask.

Following biofilm growth, waste was emptied into a container of 1 % Virkon solution
(Virkon disinfectant powder; DuPont), and all two- and three- way taps, luer lock and
metal device connectors were first rinsed with and then soaked in Virkon for 24 hours.
Following that, all parts were rinsed 3 times in DI water and a pipe cleaner was used to
remove any remaining debris. Tubing and microfluidic devices were autoclaved at 121°C

for 15 mins and disposed of.

2.3.1.2 On Chip Fluorescent staining of biofilms

Biofilms were live/dead stained using the Filmtracer™ LIVE/DEAD Biofilm Viability
Kit containing SYTO™ 9 and propidium iodide (PI). 3 ul of each dye were added to 1
ml MilliQ. 500 ul was added into the injection loop and then injected on chip by the
syringe pump at 20 pl/min. The chip was covered in foil and left for 20 mins. The chip

was rinsed with PBS for 20 mins at 20 ul/min to remove any remaining stain.
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S.salivarius A.naeslundii
Oligo name STR405 ANA103
DNA/RNA DNA DNA
Sequence tagecgteectttetggt | cggttatccagaagaaggge
Length 18 20
End modification dye | 5:Cyanine 3 3’ 5:Cyanine 5 3’
Ex/em 555/569 nm 651/670 nm
Probe Concentration 20 ng/ml 20 ng/ml

Table 2.2: FISH probes purchased from Biomers.net (Germany) for S.salivarius and
A.naeslundii. Protocol from Thurnheer et al 2001 and 2004 [188, 189].

2.3.1.3 FISH on planktonic bacteria

Fluorescent probes were purchased from Biomers.net (Germany), details of which are
described in Table 2.2, and details of the hybridisation and washing buffers used are
shown in Table 2.3. FISH protocols were followed from Thurnheer et al 2001 and 2004,
and Lee Lab protocol [82, 188, 189]. Bacteria samples were washed via centrifugation
and fixed in 50% ethanol overnight at -4°C. 20 ul bacteria was dried onto a clean glass
coverslip for 30 mins in a class II cabinet. Once dried onto the slides, samples were
permeabilised by adding 20 pl Lysozyme (70,000 U/ml) (3.5 mg/ml dissolved in Tris/HCI
pH 7.5 and 5 mM EDTA) to the slide for 15 min at 37°C. Slides were rinsed with MilliQ,
then bacteria dehydrated sequentially with 50%, 80% and 99% ethanol for 3 min each.

Slides were rinsed and gently dried with compressed air.

DNA probe View using microscope

Labeling with fluorescent dye

DNA probe
I LA AR AL A A

Denature and hybridize

Figure 2.6: Fluorescence in situ hybridisation (FISH) process. DNA probes are fluores-
cently labelled, the sample denatured and probes hybridised to the sample. Figure repro-
duced from National Human Genome Research Institute with permission [190].
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Hybridisation Buffer | Washing Buffer
2 0.9 M NaCL 0.159 M NaCL
§ 20 mM Tris/HCL 20 mM Tris/HCL
S 0.01% SDS 0.01% SDS
;Ji 25% Formamide 5 mM EDTA
S 0.9 M NaCL 0.45 M NaCL
,§ 20 mM Tris/HCL 20 mM Tris/HCL
g 0.01% SDS 0.01% SDS
< 10% Formamide

Table 2.3: Hybridisation and washing buffer concentrations used during FISH, for probes
binding to S.salivarius and A.naeslundii. Formamide concentration is dependent on the
probe, which determines the NaCl concentration. EDTA is only required for formamide
concentrations above 20%. Protocol followed from Thurnheer et al 2001 and 2004, and the
Lee Lab protocol [82, 188, 189].

50 ml Falcon tubes were used as hybridisation chambers. A section of paper towel
was first soaked in hybridisation buffer and placed into the Falcon tube to maintain
humidity during the process. 20 pL of buffer containing 20 ng/ul of probe was added to
the sample, and the slide carefully placed horizontally into the falcon tube and sealed.
The sample was incubated at 46°C for 90 mins. 50 ml of washing buffer was prepared in
a Falcon tube and pre-heated to 48°C. The hybridisation process can be seen in Figure
2.6. After hybridisation, the slide was removed and gently rinsed in washing buffer, and
then submerged in a washing buffer tube for 20 mins at 48°C. Samples were protected
from photo-bleaching by being covered in foil. When working with a mixed bacteria
sample, the sample which has the highest formamide concentration was performed first,
then the whole process repeated for the second sample. In this case, S.salivarius was
hybridised first. After the final washing step, the samples were rinsed in cold MilliQ,
gently dried with compressed air, and stored in a cool place in a sealed petri dish covered

in foil. A schematic of this process can be seen in Figure 2.7.
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Hybridisation buffer Incubate at 46°C for Rinse with Submerge in washing Rinse with
+ probe 90 min in falcon tube washing buffer buffer at 48°C for 20 min MmilliQ

Figure 2.7: Schematic showing hybridisation and washing steps for fluorescence in situ
hybridisation (FISH) on planktonic bacteria. First hybridisation buffer containing the probe
is added to the dried sample, then placed in a falcon tube with a paper towel soaked in buffer
to maintain humidity, then rinsed with washing buffer, submerged, then rinsed in MilliQ.

2.3.1.4 FISH on Chip

Performing FISH on microfluidic chips follows the same general protocol as described
in Section 2.3.1.3 but requires some modifications and more stringent planning. To
ensure each step smoothly follows on from one another, the amount of dead volume in
the tubing had to be kept to a minimum as any deviation from the protocol could reduce
the efficacy of the process. Tubing connecting the injection loop to the chip was reduced
to 3.5 cm (approx. 50 ul volume) to reduce time and dead volume. As previously, the
process is performed first with the probe containing the highest formamide concentration,

S.salvarius, then repeated with A.naeslundii.

Biofilms were first fixed with 4% paraformaldehyde, which was injected on chip at
20 pl/min and incubated for 1 hour at 4°C. Biofilm was rinsed with PBS for 20 mins.
200 pl lysozyme was injected on chip, incubated for 15 min at 37°C, then rinsed with
PBS for 20 mins. The biofilm was dehydrated with 50%, 80% and 99% ethanol under
flow. 100 ul of 50% ethanol was first injected into the injection loop middle chamber
(which holds 300 pL), followed by 100 ul of 80% and 100 ul of 99% ethanol. Ethanol
was then injected on chip at 20 ul/min until all 300 pl had pass through the chip. The
biofilm was rinsed with PBS for 5 mins. 300 pul of hybridisation buffer containing the
first probe, S.salivarius, was added into the loop and injected on chip and incubated at
46°C for 90 min. 300 pl of washing buffer was then added into the loop and injected
on chip, incubated at 48°C for 15 min. The hybridisation and washing process was then

repeated with the A.naeslundii probe. Finally, the biofilm was rinsed with MilliQ) for 5
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mins, and stored at 4°C covered in foil until use.

2.3.2 Well plate biofilm growth

Well plate biofilms were grown in a way to best replicate those grown microfluidically.
100 pul saliva was injected into wells of a 96-well plate (uClear, Greiner Bio-One Ltd,
Kremsmiinster, Austria) and incubated statically at 37°C for 1 hour. Each well was
rinsed thrice with PBS. Bacteria was diluted to ODgpp=0.2 in BHI, mixed together at
1:3 (S.salivarius: A.naeslundii) and 200 pl was added to each well and incubated statically
at 37°C for 2 hours. After incubation the innoculum was removed from the wells and
200 pl of biofilm media was added. Plates were incubated at 37°C, shaking at 200 RMP
for 24 or 48 hours.

2.3.2.1 Crystal Violet Staining

Crystal violet (Alfa Aesar, Haverhill, MA, USA) solution was prepared to a stock con-
centration of 1% (mass/vol). Crystal violet powder was dissolved in DI water with 1%
(vol/vol) methanol added to aid solubility, and then diluted to give a 0.1% solution for
use as a biofilm stain. Biofilms were first fixed with 200 ul methanol for 30 minutes and
washed a further three times with PBS. To stain, 100 ul of 0.1% crystal violet solution
was added to each well and left at room temperature for 15 minutes. Wells were then
washed five times with DI water to remove excess CV stain until the removed waste was
visibly clear. Biofilms were then left to dry overnight at 37°C to remove the remaining
wash fluid. CV stain was solubilized with 200 ul 33% acetic acid solution. Well plates
were shaken at 200 RPM for 15 minutes to aid this process, and the absorbance at 570

nm was measured using a well plate reader using either a point scan or 9-point well scan.
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2.3.2.2 Fluorescent staining

Live/dead staining of well plate biofilms was performed using SYTO™ 9 and propidium
iodide (PI) stain kit. The stain was prepared to the required volume, adding 3 ul of
each dye for every 1 ml MQ. 100 ul of stain was added to each well and covered in foil
for 20 minutes. Wells were washed three times with PBS to remove any remaining stain
solution. A well plate reader was used to measure the fluorescence of SYTO™ 9 (Ex:

485 nm / Em: 498 nm) and PI (Ex: 535 / Em: 617 nm).

2.4 Microbubble Formation

2.4.1 Lipid preparation

The standard microbubble (MB) lipid composition used was 95 mol% DPPC (Lipoid
GmbH, Ludwigshafen, Germany) and 5 mol% DSPE-PEG2000 (Lipoid GmbH, Lud-
wigshafen, Germany). All lipids were purchased in powdered form and stored at -80°C.
Stock solutions were prepared by dissolving the lipids in a 1:1 mixture (vol/vol) of chlo-
roform:methanol and stored at -20°C. Lipids were added to a glass vial at their required
mol% and dried under a steady stream of nitrogen for 40 mins to form a thin film.
Once dried lipids were placed in a vacuum desiccator overnight to remove any remaining

solvent. Dried lipids were either used immediately or stored at -20°C until further use.

MB lipids were resuspended in a PBS-1% glycerol solution to a concentration of 2
mg/ml. Lipids were resuspended by vortexing and then tip sonication for 30 mins until

the lipid solution was a cloudy white mixture.

2.4.2 MB production via mechanical agitation

MBs are produced when a vial of lipid solution saturated with gas is vigorously shaken.
This method of MB production was preferred for its simple and rapid generation of

MBs. MB lipid solution was prepared as previously described in a 1 ml vial, and perflu-
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orobutane gas was bubbled through the solution for 2 mins until the vial head-space was
saturated. The vial was sealed with para-film to prevent leakage and placed in a dental
amalgamator (ESPE CapMix™, 3M, Saint Paul, MN, USA) and shaken for 45 seconds

at a rate of 4300 oscillations per minute.

2.4.3 MB analysis

The size and concentration of MBs samples was determined via image analysis using a
MATLAB (The MathWorks Inc, Natick, MA, USA) script written by Damien Batchelor
[191].

Glass Microbubble
coverslip solution
Glass slide
S50 pm PET
|' T " I 1 spacer

Figure 2.8: Schematic of a 50 ym chamber used to capture bright-field images of MBs for
analysis. Schematic reproduced with permission from [2].

The MB samples were imaged using a 50 pym chamber as shown in Figure 2.8. The
chamber consisted of two 50 pm thick polyethylene terephthalate (PET) film spacers
(Goodfellow Cambridge Ltd, Huntingdon, UK) placed approximately 20 mm apart on a
1 - 1.2 mm thick glass slide, with a 20 x 20 mm glass coverslip on top. The MB solution
was typically diluted 50x in PBS and injected into the chamber between the glass slide
and coverslip using capillary action. The slide was inverted 3 minutes before imaging to
allow all MBs to rise to the same focal plane. 10 - 15 bright field images were taken per
sample using 60x objective on a Nikon 90i microscope, and the images ran through the

MATLARB script for analysis.

The MATLAB script increases the contrast of the images, performs a binarization,
fills circular objects, measures the circularity, and applies user set parameters to the
fittings to obtain optimal results. The user can set the binarization threshold, which was

typically chosen to be between 0.45 - 0.55, as well as the circularity detection threshold
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which was set to be 0.75 - 0.85. The images were scaled accordingly so the size of the
MBs could be determined based on number of pixels, and the concentration calculated
using the dilution factor and number of MB detection’s per image area. A histogram
is produced detailing the average size and concentration of the sample, an example of

which is seen in Figure 2.9.
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Figure 2.9: MB image and size and concentration histogram produced by a MATLAB
script which analyses MB images. Script written by Damien Batchelor [191].

2.5 Liposomes

2.5.1 Liposome formation

Liposomes were typically comprised of 32.5% DSPC (Lipoid GmbH, Ludwigshafen,
Germany), 32.5% 23:2 Diyne-PC (Avanti Polar Lipids, AL, USA), 30% Cholesterol
(Sigma-Aldrich, St Louis, MO, USA), and 5% DSPE-PEG2000 (Lipoid GmbH, Lud-
wigshafen, Germany). Liposomes without Diyne-PC were formed at (65:30:5) ratio of
DPSC:Cholesterol: DSPE-PEG2000. Lipids were dried to a mass of 10 mg/ml.

Diyne-PC was dissolved in chloroform and dried under nitrogen to form lipid films
at 10 mg/ml, and stored at -80°C until needed. Lipids were combined at the desired
concentration in an amber 1 ml vial and dried under nitrogen for 40 mins to form a thin

film. Once dried the vials were placed in a vacuum desiccator overnight to remove any
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remaining traces of chloroform:methanol. Lipid films were either used immediately or

stored at -80°C until needed.

To form liposomes, 1 ml of resuspension solution was added to the vial, placed on a
hot plate and heated to 65°C, which is 10°C above the gel-fluid transition temperature
of the most abundant lipid (DSPC T,, = 55°C). The solution was left on the hot plate
gently stirring for 20 mins to form vesicles. The resuspended lipid solution was extruded
through 800 nm then 400 nm polycarbonate membrane filters (Whatman plc, Maidstone,
UK) 11 times to homogenise the liposome sample. The extrusion block was pre-heated

to 65°C to maintain constant temperature. Liposomes were stored at 4°C until use.

400 nm .
End cap membrane Casing End cap

1 | |

|

Internal membrane  Syringe attachment
support with O ring channel

Extruder
(exploded view)

Figure 2.10: Components of the extruder used for liposome homogenisation. Not shown,
the glass syringes used for sample transfer [2]

2.5.2 Fluorophore-loaded liposomes

Calcein was the fluorophore of choice for a liposome leakage assay. Calcein was dissolved
in PBS and a few drops of 10 M NaOH at 100 mM so that it was in its self-quenched state.
NaOH is required to ensure calcein remains in solution at such a high concentration.
Liposomes were prepared as described above in Section 2.5.1 with 100 mM calcein as
the resuspension solution, and stored at 4°C. A Sephadex G-25 size chromatography
column was used to clean the liposome sample, removing excess calcein. PBS was then
gently flowed through the column until twice the volume of the column had passed

through the gel. The calcein-liposome suspension was then added to the surface of the
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gel and was gently eluted using PBS. When the solution exiting the column became

slightly coloured, the solution was then collected in 0.5 ml increments.

2.5.3 AMP loaded liposomes

IK8 loaded liposomes were fabricated by rehydrating the thin lipid film in 5 mg/ml TK8
dissolved in 95 % MilliQ and 5% x10 PBS. Following extrusion, liposomes were stored
at 4°C. A 0.5 — 3 ml 20 kDa MWCO Slide-A-Lyzer™ cassette (ThermoFisher Scientific,
Waltham, MA, USA) was placed in DI water for 2 minutes to hydrate. Liposomes were
transferred into the cassette using a needle, and the cassette was allowed to float in a 2 L
bucket of DI water, stirring at 200 RPM. Water was replaced after 6 hours to maintain
a sufficient diffusion gradient. After 18 - 20 hours the liposome sample was removed and
transferred to an eppendorf. This process is demonstrated in Figure 2.11. Samples

were stored in the fridge at 4°C until required.

i) —\ ii) —\ iii) iv)
[ —~— 4 [ —~———
v . | — A
— —
Lipid film Heterogeneous Homogenising via Dialvsi
hydration resuspension extrusion alysis

Figure 2.11: Schematic summarising the liposome fabrication process used to prepare
AMP-loaded liposomes. From left to right, i) lipid film (yellow) hydration with IK8 solution
(orange), ii) the resulting heterogenous liposome suspension (yellow circles) following 20
mins of heated resuspension, iii) liposomes homogenised via extrusion, iv) removal of un-
encapsulated IK8 by dialysis using a 20 kDa MWCO dialysis cassette. Figure modified from

2].
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2.5.4 UV polymerisation of Diyne-PC liposomes

After liposome fabrication and necessary cleaning steps, liposomes containing Diyne-PC
were cross-linked using a 254 nm lamp (2.8 mW/cm?). Liposomes were placed in a 1
ml quartz cuvette, 1 cm distance from the lamp, and exposed to UV for 15 mins. For

control samples, liposomes were exposed to UV for a range of 0 - 90 mins.

< // UV 254 nm

Figure 2.12: Polymerisation reaction of Diyne-PC.

2.6 Liposome Characterisation Techniques

2.6.1 Dynamic light scattering

Dynamic light scattering (DLS) is a technique used to determine the size distribution
of particles within a solution. DLS was performed using a Zetasizer Nano ZS with a 4
mW He-Ne laser at 633 nm and a measurement angle of 173°. Liposome samples were
typically diluted 10,000x in MilliQ, added to a polystyrene cuvette, and measured three

times, of which the average was taken to find the size distribution and polydispersity.

In order to determine the size of particles within a solution, a monochromatic laser
source is incident on the sample creating a scattering pattern as light is scattered by the
particles and interferes constructively or destructively. As the particles are constantly dif-

fusing with Brownian motion, the intensity of the scattering patterns fluctuates therefore
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information regarding the dynamic motion of the particles may be obtained by observing
the scattering intensity fluctuations over time, otherwise known as the autocorrelation
function. For a monodisperse sample, the autocorrelation function can be written as an

exponential with a time decay,

g(t) = e 7! (2.1)

determined by the translational diffusion coefficient of a particle, D, and the length of

the scattering vector ¢, where g = MT" sin g. The hydrodynamic radius of the solute, R,

can be extracted from this equation by relating the translational diffusion coefficient to

the Stokes-Einstein equation
kT
D= 2.2
6T R (22)

where kp is Boltzmann’s constant, 7" is the absolute temperature and 7 is the viscosity

of the suspension medium.

2.6.2 Single particle tracking

Single particle tracking is a technique used to determine the size and concentration
of particles in a sample, however unlike DLS which uses bulk averages, this technique
tracks the scattering of single particles and their motion through the medium to provide

a concentration value based off a certain number of particle within a volume.

Liposomes were diluted 1000x in MilliQ and measured using Nanosight NS300
(Malvern Panalytical, Malvern, UK). A microfluidic chamber was fixed atop a laser
module. A 1 mL syringe was used to introduce the sample into a microfluidic chamber
with a computer-controlled syringe pump unit. Samples were flowed through the mi-
crofluidic device at a continuous flow rate of 30 pyL min-1 and irradiated using a 50 mW
532 nm laser. The scattered light from individual particles was observed using a 20x
objective located above the flow chamber. Five 60 second videos were recorded under
continuous flow conditions for each sample. Tracking analysis software was then used
to measure the Brownian motion of the particles to obtain a radius estimate using the

Stokes-Einstein equation. The concentration was obtained by measuring the number of
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particles that passed through the imaging area using the set flow rate, and then applying
the dilution factor. Particle sizing and concentrations values for individual videos were

averaged to give a final value.

2.6.3 UV-Visible spectroscopy

UV-Vis spectroscopy is a type of absorption spectroscopy which measures how much
light is absorbed by a sample, within the ultra-violet and visible light region of the
electromagnetic spectrum. UV-Vis was used to characterise the level of polymerisation
of Diyne-PC within the liposome bilayer, as a notable change in absorption can be seen

at 490, 525 and 600 nm which correlates to UV exposure time, Figure 2.13.
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Figure 2.13: UV-Vis spectra of DOPC:Diyne-PC vesicles for different UV doses. Repro-
duced from [192] with permission from the Royal Society of Chemistry.

Measurements were carried out on Agilent Technologies Cary 5000 UV-Vis-NIR ab-
sorption spectrophotometer. Liposomes samples were diluted 1000x in MilliQQ and added
to a polystyrene cuvette for measurements. A ’blank’ MilliQ sample was first measured
and automatically subtracted from all sample measurements. Absorption scans were

taken with a wavelength range of 400-800 nm.
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2.6.4 Raman spectroscopy

Raman spectroscopy is a form of vibrational spectroscopy which detects the inelastic
scattering of light to provide a chemical fingerprint of a sample. Polymerised Diyne-PC
shows Raman peaks at 1500 and 2100 ¢m ™', which correlated to UV exposure time,
therefore Raman can be used as a non-destructive method of characterising polymerisa-
tion as well as as a label free method of liposome detection. More detail about Raman

Spectroscopy and the system used in this thesis can be found in Section 2.8.

10 pL of liposome samples were aliquoted onto glass slides and left to air dry in a
class IT hood for 1 hour. Measurements were taken on a Renishaw inVia Spectrometer
integrated with a Leica DMi8/SP8 laser scanning confocal microscope, 532 nm laser, 1%

laser power, 1 s exposure, and 5 accumulations.

2.6.5 High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC) was used to quantify the concentration
of IK8 encapsulated within liposomes as prepared in Section 2.5.3. From this the
encapsulation efficiency can be calculated. Post dialysis, liposomes were diluted 5x in
MilliQ, and 10 pL of 1% Triton-X was added to the sample and vortexed to lyse the
liposomes and release the encapsulated IK8. 20 pl of sample was used per HPLC run
which was conducted over 5 mins. A UV-vis spectrometer was used to measure the
absorbance at 220 nm. The peak corresponding to IK8 was seen after approximately 1.6

- 1.8 minutes, as seen in Figure 2.14.

A strong Triton-X peak can be seen at 4 minutes. An IK8 calibration curve was
prepared with a series of 2-fold dilutions ranging between 400 - 6.25 pug ml~!. The
concentration of IK8 was calculated by integrating beneath the peak and comparing to
the IK8 calibration curve. The encapsulation efficiency was calculated using Equation
2.3, where the IK8 mass remaining after dialysis (M fnq:) was compared to the mass of

IK8 used in lipid film rehydration (M;nitial)-
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Figure 2.14: A HPLC chromatograph used to quantify the concentration of IK8 in a sample
without Diyne-PC. The presence of IK8 can be seen at 1.812 minutes. The large peak at 4
minutes is due to Triton-X in the sample.
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2.7 Bacterial Treatment with IKS8

2.7.1 Minimum Inhibitory Concentration (MIC) and Minimum Bac-
tericidal Concentration (MBC)

Minimum inhibitory concentration (MIC) is a method of finding out the minimum an-
timicrobial concentration required to inhibit visible bacterial growth in a solution com-

monly over 18 hours [193].

0.5 McFarland standard stocks of S.salivarius and A.naeslundii were prepared and
diluted a further 100 times to give a concentration of 10° - 10 CFU mi~!. A 5 mg/ml
stock solution of IK8 was made up in MilliQ from which a series of 2-fold serial dilutions

from 800 - 6.25 pg/ml were prepared using BHI. Wells of a 96-well plate were filled with
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100 pl of bacteria and 100 ul of IK8 at double the required final concentration. Wells
with no IK8 were filled with 10 Oul BHI. Control wells of BHI and PBS were added
to check sterility. Six replicate wells were performed for each IK8 concentration. The
optical density of each well was measured at 600 nm after 18 hours. The MIC was

identified visually as the concentration of IK8 that resulted in no bacterial proliferation.

Minimum bactericidal concentration (MBC) is the lowest concentration of antimicro-
bial that causes cell death over 18 hours. It is quantified by counting the colony forming
units (CFUs). Once the MIC was determined, bacteria from each well was 10-fold serial
diluted 1-5 times, and 10 ul of 1073, 10~%, and 10~ diluted bacteria was spread onto
a Horse-blood CBA agar plate which had been divided into 6. Agar plates were incu-
bated overnight at 37°C. Blank plates and PBS/BHI were plated to check for sterility.
Bacteria colonies were counted by eye, and the cell density (CFU/ml) was calculated
by Equation 2.4, where the volume factor was 100 based off 10 ul being spread onto

the agar plate.

CFU/ml = CFU count x Dilution Factor x Volume Factor (2.4)

2.7.2 Time-kill study

A time-kill study is a method used to determine the rate at which an antimicrobial kills
bacterial cells. For this study, the rate was determined for S.salivarius and A.naeslundii
by testing a range of concentrations above the MIC - 0, 25, 50, 100, and 200 pg/ml for
S.salivarius, and 0, 6.25, 12.5, 25, and 50 ug/ml for A.naeslundii. Three replicates of 6
wells were prepared. The well plates were incubated at 37°C for 24 hours. Samples were
removed at set time points and serially diluted between 1-5 times. Dilutions were spread
across Horse-blood CBA plates as described in Section 2.7 and incubated overnight at
37°C. This process was performed at 0, 1, 2, 4, 6, and 24 hours. The well plate was

returned to the incubator after each time point samples had been removed.
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2.7.3 Biofilm treatment with free IKS8

2-species biofilms were grown in 96-well plates as described in Section 2.3.2, and washed
three times with PBS. IK8 was 2-fold serial diluted from 800 - 6.25 pg/ml in BHI, and
200 pl of each concentration was added to 6 repeat wells. Biofilms containing no IK8
were filled with 200 pg/ml BHI, and as a control 1% Virkon was added to biofilms
as a positive kill control. Biofilms were incubated for 3 or 24 hours, after which IKS8
was removed and biofilms were washed 3 times with PBS. Multiple analysis methods
were used: biofilms were either stained with live/dead or crystal violet solution, and the
fluorescence or absorption measured, respectively, or biofilms were aspirated and spread

on agar plates (as described in Section 2.7) to quantify the cell density.

2.7.4 Biofilm treatment with IKS8, liposomes, MBs + US

Biofilms were grown in 96-well plates as described in Section 2.3.2 and washed three
times with PBS. Biofilms were grown in every other column to avoid ultrasound crossover.
Each column in the well plate was exposed to a different treatment method, and the
results of 3 wells per treatment were average for the final result. 2-species biofilms were

exposed to five different treatments:

1. Microbubbles + Ultrasound (MBUS)

2. free IK8 + MBUS (x1 exposure)

3. free IK8 + MBUS (x3 exposures)

4. IK8 loaded liposomes + MBUS (LMBUS) (x1 exposure)

5. LMBUS (x3 exposures)

Untreated wells and wells treated with 1% virkon were used as controls. For all wells,

the final volume of treatment solution was 200 ul.
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MBs were prepared, sized and concentration determined as described in Section 2.4.
MBs were diluted so that the final concentration in the well was 2.5 x 108 bubbles/ml.
For wells with free IK8 + MBUS, 100 pg IK8 was added to each well along with MBs.
For LMBUS treated wells, IK8 loaded liposomes were prepared as described in Section
2.5.3. Based on the HPLC results of the encapsulation efficiency, 1 ml of liposomes
should contain 206 pg/ml of IK8. For a final IK8 concentration of approximately 100
pg/ml within the well, 100 ul of liposomes were added to the well with the remaining
100 pl made up of MBs and PBS.

Ultrasound was applied up through the base of the well for 5 seconds, as shown in
Figure 2.15 , immediately after MBs were added to the well. For those only receiving
one treatment exposure, after US the biofilms were incubated at 37 °C for 3 hours before
rinsing three times with PBS and being analysed. Biofilms which received three treat-
ment exposures had the same process repeated three times, with only 1 hour incubation
period between each exposure instead of 3 hours. Biofilms were rinsed three times with
PBS after incubation, before the next treatment. Treatment effectiveness was measure

by spreading the bacteria on agar plates and counting cell density.

US-exposed well

!

96-well plate / Acoustic coupling gel
Acoustic /

stand-off
pad ——2 25 MHz transducer

Figure 2.15: Schematic showing how ultrasound was applied to biofilms grown in a 96-well
plate. The 2.25 MHz transducer was positioned beneath the well plate and ultrasound was
applied through a 2cm thick acoustically transparent stand-off pad with acoustic coupling
gel on either side. Schematic reproduced with permission from [2].
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2.8 Raman Spectroscopy

2.8.1 Raman System

The Raman system used for this thesis is a Renishaw inVia Spectrometer integrated
with a Leica DMi8/SP8 laser scanning confocal microscope. Figure 2.16 shows the
spectrometer optics. There are two laser options: a 532 nm DPSS Diode visible laser or
a 785 nm Diode near IR laser. For this thesis the 532 nm laser was used, which had power
of 50 mW, 22 mW at the sample. Two detectors are available: a Renishaw CCD array
detector near infra-red enhanced, best suited for 785 nm excitation (100 mW, 45 mW
at the sample), and an Andor EMCCD (Electron multiplying charged coupled device)
high sensitive back-illuminated detector for UV /Vis measurements, suitable for the 532
nm excitation (50 mW, 22mW at the sample). Renishaw WiRE 4.2 software was used

to control all acquisition settings during the scans.
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Figure 2.16: Optical configuration of the Renishaw inVia Raman Microscope, simplified
for clarify. Figure reproduced with permission from [107].

The laser beam travels through a pinhole which is used to improve the beam profile
and spatial resolution. Neutral density (ND) filters and a beam expander were used to
control the power output of the laser reaching the sample. The light then passes through
a motorised shutter, a series of mirrors, an entrance slit, grating, and the chosen objective
before hitting the sample in an inverted configuration. The spectral resolution is affected

by the slit size and grating used for each experiment. A smaller slit size results in a higher
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Objective  FWD (mm) N.A

10x inf 0.3
20x 0.62 0.75
40x 0.21 0.85
63x air 26-1.38 0.7
63x oil 0.14 1.4
100x oil 0.13 14

Table 2.4: Summary of the available objectives in the Raman-Confocal microscope and
their resolution, where FWD stands for Free Working distance and N.A. for Numerical
Aperture.

resolution. A diffraction grating with a higher groove density has a higher dispersion
angle, and therefore greater spectral resolution. However, this consequently reduces the
spatial resolution, which can be overcome by using a movable grating to scan across
all wavenumbers in sections which can be stitched together at the end. The objectives
available for this system are: 2.5x, 10x 40x, 50x, 60x oil, and 100x oil, though 100x oil
was only used in this thesis. Details of the resolution of the objectives is given in 2.4.
The samples sit on the stage in 3D printed holders, which are magnetically attached
to prevent movement during acquisition. The stage is automated and moves in an X-Y

direction, while the Z-height is controlled by adjusting the objective.

Figure 2.17: Laser spot calibration for Raman Spectroscopy. Scattered light is collected
by the camera so the laser spot can be observed and aligned to the crosshairs.The spot size
for 532 nm laser with 100% laser intensity is approximately 2 pum.

Some of the scattered light is reflected into the camera so the laser spot can be
observed and aligned to the crosshairs, shown in Figure 2.17. The spot size of the laser

can change with laser intensity due to internal reflections within the microscope, or it
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may be purposefully increased using a beam expander. The work in this thesis used the
532 nm laser with 100% intensity, producing a spot size of approximately 2 pym. The
majority of light is reflected onto Rayleigh reflection filters which eliminates wavenumbers
less than 100 cm™'. The entrance slit controls the degree of confocality of the system,
with settings of 65 um for standard confocality or 20 um for high confocality. There
are two gratings available, 1800 lines/mm for the 532 nm and 1200 lines/mm for the
785 nm laser. There are two scan types possible: synchro-scan or step scan. A synchro-
scan collects the one continuous spectrum in high resolution. A step scan collects the
spectrum in separate parts which are stitched together at the end to produce one full
spectra. Step scan is recommended for samples that are strong Raman scatterers which

might saturate the detector.

Unless otherwise stated, for the experiments in this thesis the following settings
were used: the 532 nm laser with a 1800 lines/mm grating, 100x oil objective, high
confocality mode, step scan and Andor detector. Due to the short working distance of
the 100x oil objective, glass coverslips were used throughout all experiments. Immersion
oil is required for 100x objective as the high magnification results in increased loss of
light in the air gap between glass and lens due to refraction, so by adding oil (with the
same refractive index as glass) between the lens and coverslip the air gap is eliminated
and the refracted light is directed back to the camera, providing crisp, high resolution

images.

2.8.2 System calibration

To ensure reproducibility and to account for the drift in motors over time, before every
use the Raman system is calibrated to a standard Silicon sample, which shows a strong
sharp peak at 520.5 cm~! (Figure 2.18). Calibration is specific to the objective and
settings used, so should match those used for the experiment for optimum calibration.
Any value between 520.3 - 520.7 cm ™! was accepted as calibrated, with the aim of 520.5
cm~!. If the peak is not in the acceptable range, the alignment can be re-calibrated to

the correct value using the 'peak offset’ function in Wire 4.2.
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Figure 2.18: Example of the Silicon peak the Raman system is calibrated to, 520.533
cm~!. Taken with 100x oil objective, 100% laser power, 1s acquisition time.

2.8.3 Raman spectroscopy of planktonic bacteria

Raman spectra of single species planktonic bacteria was obtained by drying bacteria
samples onto a glass coverslip and taking multiple Raman spectra of the bacteria. To
remove any traces of growth media which would contribute to the Raman spectra, plank-
tonic bacteria were washed via centrifugation at 6,000xg for 10 mins, the supernatant
removed and replaced with MilliQQ. This was repeated three times. Glass coverslips were
rinsed in 99% ethanol and dried under nitrogen before 10 ul of bacteria was added to

the surface and left to dry in a class II hood for 1 hour.

The sample was focused using the bright field, focusing the centre of the cross hairs
on the bacteria as this is the focus point of the laser spot, which is approximately 2 pum.
An example of this can be seen in Figure 2.19a. Background spectra was also taken of
the glass, in the same plane, where no bacteria were present. As bacteria is dried onto
the slide and the focus point is very small, there will be glass detected in the Raman
spectra that will need to be removed during analysis. Example spectra can be seen in
Figure 2.19b. All scans were taken with 532 nm laser, 10% laser power, 10 s exposure

time, 5 accumulations. A lower laser power is required to prevent burning of the sample.
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Figure 2.19: a) Example of the centre of the cross hairs focused on bacteria, the point
at which the scan would be taken, b) (Top) Raw spectrum of S.salivarius and (Bottom)
raw spectrum of background glass, showing that the glass has a contribution in the sample
spectra.

2.8.4 Raman of biofilms on-chip

One of the main aims of the project was to use Raman spectroscopy to analyse biofilms
over time. By growing biofilms microfluidically, Raman spectra could be taken of the

same biofilm over the course of 5 days.

Biofilms were grown as described in Section 2.3.1.1. Biofilms were rinsed for 20
mins at 20 pl/min with PBS to remove any traces of biofilm media which would have a
strong contribution to the Raman spectra. All 2- or 3-way taps in the microfluidic system
were closed so the biofilm could be scanned under static conditions, and importantly to
prevent any disruption of the biofilm during transport between labs. The microfluidic
chip was placed on the stage and secured using 3D printed magnetic holders. Single
point Raman scans of the biofilm were taken using 532 nm, 100x oil objective, step-
scan, 10 s exposure, 10 accumulations, and ”high confocality”. Spectra were acquired at
random points across the whole biofilm to gain an average. A minimum of 25 spectra

from different points were taken per biofilm.
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2.8.5 Raman analysis

2.8.5.1 Raman pre-processing

Raman spectra of similar samples may have varying baseline contributions due to the
differing levels of scattering and auto-fluorescence. In order to reliably analyse data
and compare results from different experiments, each Raman spectra should be carefully
pre-processed in the same way before moving forward. Pre-processing here was done
using WiRE 4.2, and MATLAB script written by Dr Julia Gala de Pablo, which was
used, reproduced, and adapted with permission, and can be found with more detail in
[107]. Briefly, the pr-processing steps were: cosmic ray removal, alignment to calibration
peak, baseline subtraction, background removal (when necessary), and smoothing. The
following example used to illustrate the pre-processing steps is a spectrum of planktonic
S.salivarius. Cosmic rays were rarely seen in spectra, but were removed using the feature
in the WiRE software prior to exporting the data. All files were saved as .wdf files, which

were read into the MATLAB code using WdfReader function provided by Renishaw.

The first step was to ensure all spectra were aligned to the same silicon peak calibra-

I so all spectra

tion value. Each spectrum was interpolated to provide a step of 0.5 cm™
were aligned. The next step was baseline subtraction, performed using f_baseline_corr,
an algorithm developed by Koch et al [194]. An example of the baseline subtraction can

be seen in Figure 2.20.

For planktonic samples, a background subtraction step was included to remove the
glass background that contributed to the spectra. This step was not necessary for thicker
biofilms as there was no noticeable background contribution from the glass or PDMS
as the growth chamber and sample area were large enough so this could be avoided.
Background spectra were imported and processed as above, averaged and then smoothed
using a Savitzki-Golay filter (function sgolayfilt), with polynomial order of 2 and
frame width 17. This step was performed first to ensure minimal noise was added to the
spectra during subtraction. Background removal from planktonic spectra can be seen in

Figure 2.21.
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Figure 2.20: Example the first, more aggressive, baseline subtraction on S.salivarius using
the Koch et al algorithm with 15 iterations, frame = 500, smooth width= 40 [194].
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Figure 2.21: Example of background removal of glass from planktonic S.salivarius spec-
tra. Offset spectra of planktonic S.salivarius (red), background glass (black), and corrected
spectra (blue).
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Corrected spectra were then smoothed using the Savitzki-Golay filter (function
sgolayfilt), with polynomial order 2, and frame width9, and truncated to 500 - 3020
cm™~! (or to the fingerprint region 500 - 1800 cm ™! if necessary). It was found that includ-
ing the ’silent’ region during later multivariate analysis could impact the classifications
as baseline contributions could be misinterpreted as important spectral information, so
it was easier to remove, or 'zap’, the region 1800 - 2750 cm ™! from the spectra. Finally,
the spectra were then normalised to the Amide I peak, the maximum between 1650 -
1660 cm ™', and averaged. The final processed average plot with standard error is shown
in Figure 2.22. This process was repeated in the same way for all planktonic and
biofilm spectra. From the MATLAB script: DataMatrix, Average spectra, Error,

and Xvalues were saved as .csv files so figures could be plotted in OriginPro.
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Figure 2.22: Example average spectrum of S.salivarius, normalised to Amide I, and plotted
with standard error. N = 27. Acquisition conditions: 532 nm, 100x oil objective, 10 s
exposure, 10 accumulations.

2.8.5.2 Multivariate Analysis

Principle Component Analysis (PCA) is a method used to reduce the dimensionality of
large data sets whilst preserving the variability, thus maximising the variance between
data sets and allowing visualization of complex multidimensional data [195]. MATLAB
scripts were used to run multi-variate analysis, written by Dr Julia Gala de Pablo [107].
Zapped spectra were used (500-1800 and 2800-3020 cm ™! where the silent region was

removed), and all data was first standardised using Standard Normal Variate where each
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spectrum is normalised by subtracting the mean and making its standard deviation of
1. PCA scores and loadings were saved from MATLAB as .csv files and plotted in
OriginPro, where a 95% confidence ellipse was added to the figures. Linear Discriminant
Analysis (LDA) is a supervised algorithm that works to maximise difference between
classes. LDA was performed using MATLAB script, where scores and loadings were

exported and plotted in OriginPro.

2.8.6 Stimulated Raman spectroscopy (SRS)

SRS is a type of Coherent Raman spectroscopy that produces a Raman image at a specific
wavenumber, usually in the high wavenumber region (Figure 2.23). Unlike spontaneous
Raman scattering where the scan length can be long, taking seconds or minutes per pixel,
SRS takes milliseconds. Due to this time limitation, taking Raman maps or z-stacks of
biofilms with the Renishaw system was unfeasible and produced unreliable data as the
stage and motors would drift out of focus over the period of the scan. SRS and SRS
hyperspectral images of biofilms were therefore taken at The CONTRAST Facility at the
University of Exeter using their custom built Narrowband Spectrally Focused Coherent
Raman. The system also allowed for complimentary techniques such as Second Harmonic

Generation (SHG) and Two Photon Fluorescence (TPF) to be taken at the same time.

Figure 2.23: Example SRS image of S.salivarius Day 1 biofilm at 2930 cm~!. Scale bar
= 30 pm.

74



2.8.6.1 Sample Preparation

Day 1 and 5 mono-species and 2-species biofilms were grown microfluidically and taken
for analysis. Three repeats of each sample were taken, e.g 3x Day 1 S.salivarius biofilm,
3x Day 3 S.salivarius biofilm... An extra biofilm for 2 species Day 1 and 5 were grown and
FISH stained for analysis. Biofilms were fixed before travel by injecting 4% paraformalde-
hyde on chip at 20 pl/min and incubating for 15 mins at 4°C, then rinsed with PBS.
PDMS chips were sealed by filling the punctured holes with the PDMS that was dis-
carded during the original biopsy punch, then a layer of superglue on top to seal and

prevent any leakage. Samples were discarded after use.

SRS Samples
S.salivarius | A.naeslundii 2-species

Day 1 Day 1 Day 1

Day 1 Day 1 Day 1

Day 1 Day 1 Day 1

Day 5 Day 5 Day 5

Day 5 Day 5 Day 5

Day 5 Day 5 Day 5
FISH Day 1
FISH Day 5

Table 2.5: Mono-species and 2-species biofilm samples taken for SRS analysis.

2.8.6.2 SRS system

The custom built system was powered by an InSightX3 fs laser, providing a tuneable
output between 680-1300 ns and a fixed wavelength output at 1045 nm. The 2 beams
are combined in the SF-TRU spectral focusing unit. This unit controls the laser power
applied to the sample and the time delay between the beams. It also provides the
intensity modulations in the Stokes beam necessary for SRS and chirps the beams from
fs to ps pulses. The imaging is carried out on a modified confocal inverted microscope
(Olympus Flouview3000 and IX81). The light is focused on the sample with a 1.2NA
water objective and transmitted light collected with a water condenser. For transparent
samples SRS and CARS are measured in the forwards direction, however for thicker

samples there is an option to collect backscattered CARS in an epi channel. Second

75



Harmonic Generation (SHG) and TPF are also available. The system is set up for 3D

imaging, large area scans and rapid hyperspectral imaging [196].

Biofilm samples were placed on the stage and focused by adjusting the objective
height. At least two areas per biofilm were imaged for analysis. A hyperspectral SRS
image, SRS Z-stack, SHG and TPF were all taken at the same position.

For SRS hyperspectral images and z-stacks, a 1045 nm fixed ”Stokes” laser and 802
nm tuneable "pump” laser were used. For hyperspectral images where each scan is taken
at a different wavenumber, the stage delay position was chosen to be 90-92 mm with 101
positions corresponding to the CHy/CHjz region from 2740 - 3084 cm~!. For z-stacks the
same settings were used without the delay stage, but tuned to the CHs band at 2930
cm~! . For TPF, an 802 nm femto-second pulsed laser was used for excitation, and 575

nm band pass filter used for detection (which collects from 550 - 600 nm).

For FISH samples, two wavelengths were used sequentially to excite both fluorescent
probes attached to each species. For the Cy3 probe (Ex: 555 nm, S.salivarius), 1040
nm laser was used for excitation and 575 nm band pass filter for detection. For Cy5 (Ex:
651 nm, A.naeslundii) a 1220 nm laser line was used, with a 660 nm band pass filter for
detection. Image resolution was: 0.14 pm/pixel and typically collected over a 212 x 212

pm region.

2.8.6.3 SRS Analysis

Hyperspectral SRS: To ensure each image was analysed in the same way and to
maximise the amount of information taken from the images whilst keeping the process
simple, each hyperspectral image was divided into a 15 x 15 grid using a Python script,
details found in Appendix 1. Each individual square measured 14.14 pm?, and the
average spectrum from each square was extracted and saved to an Excel file. All spectra
were plotted in Origin Pro. To produce a hyperspectral image with a 15 x 15 grid, the
brightest and clearest image from the stack was chosen in ImageJ as a representative,

and a 15 x 15 grid overlaid using a macro found in Appendix 1. One row or column of
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the grid was chosen for analysis, and the corresponding spectrum plotted.

K-means Clustering: Another method of hyperspectral image analysis is to use
K-means clustering, which aims to group similar data points together, minimise within-
cluster variances, and discover underlying patterns [197]. K-means clustering is a non-
supervised method that separates the data into a user-defined number of clusters (K).
It randomly picks K number of data points to define the cluster centroids, then assigns
the remaining data points to the nearest centroid (that with the nearest mean). The
algorithm performs iterations to optimise the centroid until the centroids have stabilised,
or the maximum number of iterations has been reached. The final cluster centroid is an
average of all data points. The spectra corresponding to each cluster is plotted and the
image colour coded into clusters, shown in Figure 2.24. This method is complimentary
to the manual spectra extraction method described above, but may prove to be accurate
enough to a reliable method on its own. A MATLAB script was used for this analysis,
provided by the CONTRAST Facility at the University of Exeter (See Appendix 1). 4
clusters were chosen, with a min threshold of 10,000 and max threshold 1,000,000.
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Figure 2.24: K-means clustering data of hyperspectral SRS Day 5 2-species S.salivarius
and A.naeslundii Day 5 biofilms. K- means clustering colour map, Cluster 1 (dark blue),
cluster 2 (light blue), cluster 3 (yellow), cluster 4 (red),

SRS and TPF z-stacks: Z-stacks were imported into ImageJ, brightness adjusted,

and 4-6 slices from the stacks were used to represent the biofilm. Composite images of
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SRS and TPF were made where SRS were false coloured green, and TPF coloured red.

FISH z-stacks: FISH z-stacks of 2-species biofilms were imported into ImageJ,
brightness adjusted, 4-6 slices from the stack were chosen to represent the biofilm. The
S.salivarius channel was false coloured green and A.naeslundii red, before merging into

a composite image.

2.9 Confocal Laser Scanning Microscopy (CLSM)

Confocal Microscopy was used to capture high resolution fluorescence images and z-
stacks of biofilms. The confocal laser scanning microscope (CLSM) system (SP8, Leica
Microsystems GmbH, Wetzlar, Germany) has 405, 488, 552, and 638 nm excitation
lasers. The 488 and 552 nm lasers were used for the excitation of SYTO9 and Propidium
Iodide. The system was equipped with 2.5x, 10x, and 40x dry objectives, and higher
magnification 63x and 100x oil immersion objectives. A schematic showing the optical
set up can be seen in Figure 2.25a. For imaging biofilms on chip, the 10x and 100x oil
objective were most commonly used as the 10x gave a clear overview of the whole biofilm
while to 100x oil allowed for imaging of individual species. Z-stacks taken with 100x oil
objective had a 1 um step size. All images were processed in ImageJ, with live/dead
images being false coloured green/red, respectively. 3D z-stacks were rendered in the
Leica software where images and videos could be saved, an example of which is shown

in Figure 2.25b.
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Figure 2.25: Schematic showing the light paths involved in an inverted CLSM. The exci-
tation laser is passed across the surface of a sample using an XY scanner. The fluorescent
signal emitted by the sample is passed back through the objective and towards a PMT for
detection. The adjustable pinhole allows refinement of the depth of the optical section. A
portion of the excitation and emission light is transmitted through the sample and dispersed
to give a bright-field view of the sample. Figure reproduced with permission from [2].
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Chapter 3

On-Chip Raman Spectroscopy of
Multi-species Oral Biofilms

3.1 Aims and Motivations

The aim of this chapter is to analyse how multi-species oral biofilms develop and change
over time, using Raman Spectroscopy (RS). Traditional methods of biofilm analysis are
often destructive or require fixation, making it impossible to study the same biofilm over
time [198, 199]. Here we aim to develop a microfluidic growth system that allows biofilms
to be grown under continuous flow, yet can be easily transported for non-destructive,
label free analysis using RS. It is hoped that the molecular fingerprint provided by RS
will allow for a deeper understanding of the structure of the biofilm at different stages

of maturity, as well as giving an insight to inter-species interactions.
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3.2 Biofilm Growth System Development

3.2.1 Version 1: Piezo-pump System

The initial version of the microfluidic growth system was based on the set up configured
by J.Tinkler and modified by Dr Julia Gala de Pablo [2]. The result was a self-contained
microfluidic system with continuous flow driven by piezo-pumps, which allowed the whole
system to sit compact and undisturbed in an incubator, while being easily transportable

for analysis.

3.2.1.1 Microfluidic Device

The first iteration of the microfluidic device was designed by Dr Julia Gala de Pablo,
and can be seen in Figure 3.1. The device has two inlets to prevent contamination, the
far left inlet for injecting bacteria and fluorescent stains, and the central inlet for media.
The growth chamber itself is 6 mm (1) x 4 mm (w) x 140 gm (h), with rounded corners
to reduce flow stagnation and air pockets. As the chamber is relatively large, pillars were
added to support the top of the chamber to prevent any potential collapse. Devices were
bound to 22 x 50 x 0.13 mm glass coverslips to allow for high magnification objectives

to be used during RS and confocal imaging.

Bacteria Inlet Media Inlet

Pillars

Figure 3.1: First iteration of the microfluidic device design. The chamber dimensions are
6 mm (1) x 4 mm (w) x 140 pum (h), with pillars added to prevent roof collapse. Separate
inlets were used for media flow and bacteria injection to prevent contamination.

When growing a biofilm under flow, the shear stress exerted on the biofilm is more
important than the flow rate itself, as the shear stress tells you the impact of the flow on

the biofilm whereas the flow rate is independent and has little meaning without knowing
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the dimensions of the chamber. Growing biofilms under flow increases the transport
of nutrients and signalling molecules during biofilm formation [87], and has shown to
produce thicker biofilms at a higher shear stress, as well as [200, 201]. If the shear stress
is too high however, the shear force will overcome the adhesive forces and remove the
biofilm. From the literature, a shear stress of approximately 0.3 dynes/cm? (0.03 Pa)
have been deemed suitable to encourage biofilm proliferation, whilst not causing damage

[200].

3.2.1.2 Growth System

The growth system is based on that designed by J.Tinkler, where a microfluidic device
has two inlets, one for nutrients (media) and one for injecting rinsing buffer, bacteria,
and fluorescent stains, as well as an outlet for waste, as shown in Figure 3.2a. There
are 2- and 3-way taps connected to all tubing to stop flow and remove any air bubbles
that may get trapped in the system. The buffer inlet has an injection loop, which is two
3-way taps connected, where bacteria and stains are manually injected into the central
chamber (volume = 300 ul), and then injected on chip by the pump, Figure 3.2b. By
injecting the bacteria via the injection loop instead of at the end of the tubing, the time
taken for the bacteria to get on chip is reduced and any air bubbles can be removed

before getting on chip.

3.2.1.3 Piezo-pump

The growth system was designed to be as compact as possible to allow for ease of use
and portability. Choosing a piezo-pump to drive the flow of media allowed for this.
The mp6 pump (Bartels Mikrotechnik) used worked like a beating heart, using alternate
valves to push fluid through the system, in one direction,. Figure 3.3a demonstrates
how the mechanism of the pump worked by using a piezoelectric diaphragm and passive
check valves, so when a voltage is applied the brass membrane is deformed and pushed
downwards, forcing the medium into the next chamber, the direction of which determined

by the check valves.
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Figure 3.2: A) Simplified schematic showing the piezo-pump driven microfluidic system. 2-
and 3-way taps are used to stop flow, remove air bubbles, and serve as an injection loop, B)
Schematic showing how the injection loops works. Bacteria (or other) is manually injected
into the central chamber of the loop (300 wul) and the displaced liquid is forced out of the
loop outlet. The bacteria is then pumped on chip by the piezo pump and at controlled rate.
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Figure 3.3: The working mechanisms of the mp6-pump used to drive fluid flow in the
biofilm system. a) A piezoelectric diaphragm is deformed when a voltage is applied, forcing
the membrane downwards and pushing the medium into the next chamber, when the cycle
continues. Figure reproduced from the manufacture’s website; Bartels Mikrotechnik. b) The
evaluation board which controlled the mp6 pump, powered by a USB battery pack. [202].
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The pump is attached to, and controlled, by an evaluation board which is powered
by a USB battery pack, shown in Figure 3.3b. The flow rate of media through the
system is controlled by the voltage (amplitude of deformed membrane) and frequency of

the pump. The relationship between voltage, frequency, and flow rate are as follows:

1. Flow rate increases linearly with amplitude (voltage).
2. Flow rate decreases linearly with back pressure

3. Flow rate increases linearly with frequency up to the resonant point. This is 100
Hz for water. After this point flow rate decreases again as the frequency is too
high causing the pump to be ineffective as it becomes ’too slippy’. The resonant

frequency depends on the viscosity of the liquid.

Various voltage and frequency combinations were tested and flow rates measured. It
was found that varying the frequency had the greatest effect on flow rate, thus for further
testing the voltage was kept constant (85 Vpp). The frequency was defined by varying
the capacitance, where 1 - 10 nF corresponded to 226 - 65 Hz. As the only way to vary
the capacitance was by turning an unmarked screw on the board, only the minimum and

maximum were tested. The flow rates can be seen in Table 3.1.

Media Flow (ml/min)
(1 nF) 226 Hz, 85 Vpp 1.41
(10 nF) 65 Hz, 85 Vpp 0.81
(330 nF) 3.4 Hz, 270 Vpp 0.062

Table 3.1: Flow rates for the piezo-pump are determined by varying the voltage (Vpp) and
frequency (Hz). The frequency is controlled by varying the capacitance (nF). Flow rates
through the microfluidic system are given in ml/min.

The maximum and minimum frequency resulted in flow rates of 1.14 and 0.81 ml/min
respectively. To further reduce the flow rate, a 330 nF capacitor was added to give a
frequency of 3.4 Hz, and a 0.062 ml/min flow rate. The lowest flow rate, 0.062 ml/min,
would provide a shear stress calculated to be 0.79 dynes/cm? for this device. To achieve
the desired shear stress of approximately 0.3 dynes/cm?, a flow rate of 0.025 ml/min
would be required. The piezo-pumps were therefore unable to provide the desired flow

rate.
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Further experiments demonstrated that the piezo-pump was unable to reliably func-
tion at 0.062 ml/min; flow would cease after a short period of time due to high back pres-
sure. High back pressure also caused the tubing to detach from the device on occasion.
Despite the benefits of using a piezo-pump, the required flow rates for this experiment

meant that the pump was incompatible, thus another method was developed.

3.2.2 Version 2: Syringe pump driven system

A syringe pump was used in place of the piezo-pump as it was known to reliably function
at the low flow rates required and had the option to automate the flow to make the
experiments less labour intensive. The one drawback of using a syringe pump was that
the system was a lot larger than planned, it was no longer compact and easily able to fit
into an incubator, and due to the working temperature required of the syringe pumps, the
pumps had to remain outside the incubator, as shown in Figure 3.4. This created a lot
of dead volume in the tubing but was incorporated into the section before the injection
loop (arrow A on Figure 3.4), so that the tubing volume between the injection loop
and microfluidic chip was as minimal as possible (arrow B on Figure 3.4), to reduce
the time taken to inject bacteria or fluorescent stains on chip. The tubing volume was

reduced to 5cm (approx. 50ul).

22 ]
||
L

Figure 3.4: Schematic showing the syringe pump driven microfluidic system, where the
pump has to remain outside the incubator. Arrow A shows the dead volume in the tubing
connecting syringes to B) the injection loop, C) tubing connected to D) microfluidic device,
and E) waste flask. Schematic not to scale.

Two syringe pumps were trialled. The Harvard PHD Ultra pumps were better quality
and more user friendly than the Aladdin pumps (World Precision Instruments, Florida,

USA), which often stalled and would incorporate more human error due to the manual
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programming system. A flow rate of 25 ul/ml was easily achieved and consistent over

the growth period. Using a 50 ml syringe allowed for uninterrupted flow over 48 hours.

The microfluidic device was redesigned to a long straight channel as it was noted
that in future experiments with microbubbles and ultrasound, the ultrasound transducer
which would be positioned on top on the PDMS, would not fit between the inlets and
outlets of the current device (Figure 3.5C). A 12 mm x 2 mm x 160 pm channel was
designed, Figure 3.5A, and the slight change in dimensions meant the flow rate could
be reduced to 1641/min to achieve the same shear stress (approx 0.3 dynes/cm?). The
bacteria inlet channel was re-positioned and fed into the main inlet channel, to simplify

the device and prevent any blockages that could occur with extra channels.

12 mm ’
PBS Syringe Injection Loop

v

2-Way Tap

g T I .m. <>
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Figure 3.5: A) Straight channel microfluidic device B) simplified schematic showing the
syringe pump driven system with the straight channel microfluidic device, C) (left) the
original microfluidic device showing how the inlet and outlet were too close together thus
the transducer and gel pad required for ultrasound would not fit, (right) the straight channel
device which is longer and designed to allow room for the transducer and gel pad.

The mechanisms of the growth system are the same as in Version 1. There are
two inlets, an injection loop, and waste outlet, shown in Figure 3.5B. In the previous
system, the media was in a 100 ml flask that would last the course of the experiment,
whereas in Version 2 the maximum syringe volume was 50 ml, thus had to be replaced

more regularly.
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3.3 Biofilm Growth

3.3.1 Biofilm Growth

This thesis studied 2-species oral biofilms, consisting of S.salivarius and A.naeslundii.
These species are considered early colonisers in the oral cavity, attaching to the supra-
and sub-gingival tooth surface, starting the formation of biofilms and creating the perfect
environment for pathogenic species to colonise. These two species are part of a larger
5-species biofilm studied by Monika Naginyte, consisting of S.salivarius, A.naeslundit,
F.nucleatum, P.gingivalis and Prevotalla intermedia [184]. Understanding how these
multi-species pathogenic biofilms grow and interact over time is the long term aim in
this research. However, starting with a 2-species biofilm model was appropriate to first
develop this novel method of using microfluidics and RS to characterise multi-species
biofilms over time. RS has been used to study multi-species biofilms grown off chip
[124, 203], and single species biofilms on chip [122], yet to date there has been no studies

showing RS for the analysis of multi-species biofilms on chip, over time.

The microfluidic devices were first coated with sterilised human saliva, to replicate the
oral environment by providing a pellicle layer of salivary glycoproteins, phosphoproteins,
and lipids which both species initially bind to. Mono-species and 2-species biofilms were
grown for 5 days at 37°C under constant flow. An example of how 2-species biofilms
grow and develop over time can be seen in the bright field images shown in Figure
3.6. Biofilm growth begins in small aggregates across the chamber rather than one
blanket biofilm, and favours attachment to the chamber walls, as seen in Day 1. Biofilm
aggregates in the centre of the chamber get washed away over the days, while those
attached to the walls grow thicker and denser and eventually represent the most mature
point of the biofilm, with the path of fluid flow through the chamber clearly carved out
around the biofilms. One advantage of the chip design is that the transparent chamber
allows for the biofilm growth to be seen by eye, and on the occasion where the biofilm
were contaminated with other species or fungal bacteria, it was instantly noticeable as

there would be excessive growth in the chamber which was not consistent with these
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2-species biofilms.
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Figure 3.6: Bright field images of S.salivarius and A.naelsundii 2-species biofilm growth
at Day 1 - Day 5. The chamber dimension are 12 mm x 2 mm x 160 pym, and images of the
chamber are stitched together from separate images taken using a Confocal microscope and
10x magnification. Fluid flow is from left to right, 20 u/min, shear stress 0.3 dynes/cm?.
Occasionally air bubbles would pass on chip, as seen in the Day 3 sample.

Preventing air bubbles from flowing on chip was a major concern as they have the
potential to disrupt the biofilm completely. Figure 3.6 shows small air bubbles on the
Day 3 biofilm, which in this instance likely caused limited biofilm disruption as the air
bubbles are small and the biofilms at this stage are well developed and are more resistant
to stress. However, larger air bubbles or those that appear during early biofilm formation
can remove a significant portion of the biofilm, providing inconsistent biofilm growth.
To prevent incorporating air into the system, media was warmed to room temperature
before connecting to the syringe pump. Any visible air bubbles were removed via the
3-way taps or injection loop. Despite this, some small air bubbles did still arise in
the system. This was potentially due to air seeping in through the 2- and 3-way tap

connectors, or dissolved gas within the media forming air bubbles.
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3.3.2 Confocal fluorescence imaging of Biofilms

Confocal laser scanning microscopy (CLSM) is a useful technique that can provide high
resolution 3D imaging of biofilms, and can be used to distinguish between individual
species within a biofilm. Using a live/dead stain is a common analysis method for
biofilms, where the SYTQO9 is a green-fluorescent nucleic acid stain that permeates the
cell wall, binding to all live and dead cells, while propidium iodide (PI) is a red-fluorescent
membrane impermeable DNA stain that will only stain dead cells. PI will cause a
reduction in SYTO9 fluorescence in dead cells, and thus dominate [204]. CLSM in this
thesis was performed on an inverted microscope system, so all images shown are taken

looking up through the bottom of the biofilm, as shown in Section 2.9.

Images of 2-species biofilms were taken at 10x and 100x magnification. Images taken
with the 10x magnification give a broad overview of the biofilm structure. Examples of
fluorescent CLSM images of Day 1 - Day 5 biofilms can be seen in Figure 3.8. These
images show the x-y plane of z-stack composites, looking up through the base of the
biofilm, shown in Figure 3.7. Confocal images of mono-species biofilms were not taken
in order to save time, as it was thought they would not provide enough information to
inform on the growth of the 2-species biofilms and the new interactions taking place.
Confocal images were considered to be a useful visual addition to the Raman data,
however in the future if the nature of the live/dead bacteria was the main focus, images

of mono-species would also be taken.

These CLSM images provide an insight into the general structure and growth patterns
of biofilms. In all images where there are large aggregates of biofilms, the inner portion
and base of the biofilm is dead (red), with a live (green) band surrounding the edge
of the biofilm. This is particularly prominent in Day 3 and 4. This is consistent with
the literature which suggests that as biofilms develop and grow, there is a nutrient
gradient across the z-axis of the biofilm, resulting in the bacteria at the base of the
biofilm becoming nutrient deficient and dying first [205-207]. This is also true along
the x-y axis when a biofilm is attached to the wall of the chamber. The outer edge of

the biofilm is directly in the flow of nutrients, growing and excreting matrix making the
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Figure 3.7: Schematic demonstrating z-stacks taken of biofilms on chip, from the base
up (z = 0), and the z-stack projection of images. Z-stacks taken with a 1 pum step, unless
otherwise stated. Z-height varies per biofilm.

biofilm thicker. The Day 3 image specifically shows this as the green central channel of
live bacteria is the media flow between the thicker biofilms on either side. Nonetheless,
caution must be advised when analysing these images, as it is also possible that PI is
not just binding to DNA in dead cells, but also to eDNA in the extracellular matrix

therefore over-estimating the dead cells in areas they may be dense extracellular matrix.

For the particularly dense areas of biofilm, as in Day 2, 4 and 5, this dead (red)
fluorescence at the base of the biofilm does however fade to black, where no signal is
shown despite there being biofilm present. This was one of the main limitations found
of this imaging technique. These black areas are either caused by the fluorescent stains
not being able to penetrate the depth of the biofilms thus showing no fluorescence, this
is quite likely as it is known that antibiotics often fail to treat biofilms due to lack
of penetration into the biofilm matrix. For this reason, conclusions drawn from these
images are limited as the full depth of the biofilm cannot be analysed. Taking a closer
look at the biofilm with the 100x oil immersive objective provides a different insight
into the biofilm structure and growth, one which shows the individual species and their

formation within biofilm clusters.

An example of z-stack images taken of Day 1 biofilms with 100x oil magnification

can be seen in Figure 3.9. Highlighted on the images are the individual species, where
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Figure 3.8: Fluorescent CLSM images of live/dead (SYTO9/PI) stained 2-species biofilms
from Day 1 - Day 5, taken with 10x magnification. Live bacteria is shown in green and dead
shown in red. The white line shows the edge of the chamber wall for reference. Images are
z-stack composites viewed through the x-y plane, looking up through the base of the biofilm.
The image area is 1200 x 1200 pm, and the scale bar shows 100 pm.
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Figure 3.9: Fluorescent CLSM images of live/dead stained 2-species biofilms on Day 1,
taken with 100x oil objective at different points of the biofilm. Live bacteria are shown in
green, and dead in red. S.salivarius (S.s) are spherical cocci, A.naeslundii (A.n) are rod
like. Images are z-stacks viewed through the x-y plane and are 120 x 120 pym, with a 20 pm
scale bar.

(b)

Figure 3.10: Fluorescent CLSM images of live/dead stained 2-species biofilms on a) Day
2 and b) Day 3. Live bacteria is shown in green, and dead in red. S.salivarius are spherical
cocci, A.naeslundii are rod like. Images were taken with 100x oil magnification, and are
z-stacks viewed through the x-y plane. 120 x 120 pm, with a 20 pm scale bar.
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Figure 3.11: a) Fluorescent CLSM images of live/dead stained 2-species biofilms on Day
4. Live bacteria is shown in green, and dead in red. S.salivarius (S.s) are spherical cocci,
A.naeslundii (A.n) are rod like. Images were taken with 100x oil magnification, and are
z-stacks viewed through the x-y plane. b) Corresponding bright field image showing the
boundary of the 2-species biofilm with the dotted white line. Both image dimension are 120
x 120 pm, with a 20 pm scale bar

(a) (b)

Figure 3.12: Fluorescent CLSM images of live/dead stained 2-species biofilms on Day 5,
taken at different areas of a biofilm. Live bacteria are shown in green, and dead in red.
S.salivarius are spherical cocci, A.naeslundii are rod like. Images were taken with 100x oil
objective, and are z-stacks viewed through the x-y plane. 120 x 120 pym, with a 20 um scale
bar
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the spherical S.salivarius (S.s) can be seen individually or forming long chains. The rod
like A.naeslundii (A.n) are clearly distinguishable due to their long rod like chains. The
images suggest that S.salivarius is more abundant in Day 1 than A.naeslundii, which
is not unexpected as S.salivarius has a faster growth rate. This naturally explains why
there also appears to be more S.salivarius dead cells. Examples of images taken at Day
2 and 3 can be seen in Figure 3.10. These images, particularly Day 2 and 3, show how
bacteria develop in clusters and branch out. S.salivarius clusters are labelled ”A” and
are mostly dead in both Day 2 and 3 images, dispersed throughout the biofilms, and
small clusters of A.naeslundii, ”B”, are seen, but it is more common so see long chains
intertwined, ”C”. Interestingly, images of Day 4 in Figure 3.11 a show how the outer
perimeter of a biofilm consists of live bacteria, primarily A.naeslundii in this instance,
while the inner areas are populated with more dead bacteria. Figure 3.11 b shows
the corresponding bright field image highlighting where the boundary of the biofilm is
with a white dotted line. The boundary of the biofilm is closest to the flow of nutrients

therefore it is unsurprising that this area has a high density of live bacteria.

Day 5 images in Figure 3.12 show an even distribution of live and dead bacteria
across the biofilm in Figure 3.12a, while some areas show complete coverage of dead
bacteria, Figure 3.12b, which is something not seen in previous days. Up to Day 5,
image have show an approximately even distribution of live and dead bacteria, most of
which was S.salivarius. These high magnification images allow for the identification of
individual species within 2-species biofilms and give an indication of the structure of
the biofilms. As with the previous CLSM images, these images alone are not enough to
accurately provide information on the variation between biofilms at different days, but

show examples of 2-species biofilms on the micron scale.

3.4 Raman Spectroscopy

To better understand the structure of 2-species biofilms and how they change over the
course of 5 days, RS was used as it is a non-destructive, label free method of analysis,

meaning that the same biofilm can be analysed over time. RS provides a spectra (In-
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tensity (A.U) v Wavenumber (cm~!) ) denoting the molecular fingerprint of the biofilm.
In this thesis, spectra were primarily recorded in the “fingerprint” region, between 550
- 1850 cm ™!, which contains most biological information, and the high wavenumber re-
gion, from 2800 - 3020 cm ™! which shows the CHy and CH3 peaks prominent in proteins
and lipids. The region from 1850 - 2800 cm ™! is known as the “cellular silent region” as

there is typically no biological information in this region.

Multi-species biofilms are complex, ever-changing organisms with inter-species inter-
actions and a growing extracellular matrix. By comparing Raman spectra of 2-species
biofilms over 5 days, we hoped to show how these biofilms change over time. In order
to understand S.salivarius and A.naeslundii 2-species biofilms, it was first necessary to
examine the planktonic species and mono-species biofilms, see how these species differ

with RS, and then use this to inform and compare to 2-species biofilms.

All Raman spectra were pre-processed, which included cosmic ray removal, baseline
subtraction, truncating, normalising to Amide I at 1659 cm ™!, and smoothing. Principle
component analysis (PCA) and linear discriminant analysis (LDA) were used as a tool

to maximise the separation between biofilm species, details given in Section 2.8.5.2.

3.5 Raman of Planktonic Bacteria

Planktonic samples of S.salivarius and A.naeslundii were washed to remove any traces
of media that may interfere with Raman spectra and air-dried onto glass coverslips.
Samples were air dried as in solution bacteria were free to move around and drift out
of focus during scans. Raman spectra of each individual species was taken with 100x
oil objective. The average spectra of each species (n = 27, taken over 3 experimental

repeats) can be seen in Figure 3.13.

Figure 3.14 a shows the planktonic spectra annotated with dashed lines showing
key peaks that appear in the spectra of both species. Both species show a strong lipid
peaks at 2937 cm™!, and the shoulder of a peak at 2880 cm™', associated with the

symmetric stretching of CHz and the asymmetric stretching of CHg, respectively [208].
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Figure 3.13: Average Raman spectra of planktonic S.salivarius (black) and A.naeslundii
(red) taken with 100x oil objective. The spectra show the fingerprint region from 550 - 1800
cm~! and the high wavenumber region from 2800 - 3020 cm~!. High wave number region
x0.25. Each spectrum is the average of n = 27 spectra across repeats, and the shaded region
shows the standard deviation. 2800 - 3000 cm

Within the fingerprint region, both species show similar peaks at 1670 cm~! (Amide I),
1450 cm~! (CHz bending, lipids), and 1003 cm™! (phenylalanine) which are expected
within biological spectra [209, 210]. 1583 cm™! is also attributed to C=C stretching
of phenylalanine, and 644 cm™! is either the C-C twisting of phenylalanine or tyrosine
[209, 211-213]. 1337 cm~! CHy wagging, and 783 cm™! is the phosphodiester symmetric
stretching in DNA [211, 214-217].

Figure 3.14 b shows the differences in the spectra, where the dashed line and
black text shows peaks only found in S.salivarius and the dotted line and red text
shows those only found in A.naeslundii. A.naeslundii has fewer distinct peaks, notably
a small shoulder at 2850 cm~! (CHy symmetric stretching), 1127 em™! (C-N stretch
of proteins), and 784 cm~! (DNA) [208, 211]. S.salivarius shows additional peaks at
728 cm~! (adenine), 980 cm ™! (proteins), 1414 (CH stretch/DNA), 850 and 1604 cm™*
(tyrosine) [210, 211, 218-221]. Although Raman spectra of bacterial species can be very

similar, these small distinct peaks allow for the spectra to be differentiated.

PCA is a useful tool in Raman analysis as it reduces the dimensionality of the data
whilst maintaining the most information. It maximises the variance in the data so that

the first principle component, PC1, contains the most variance, PC2 contains the next
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Figure 3.14: Average Raman spectra of planktonic S.salivarius (black) and A.naeslundii
(red) where a) uses a dashed line to show peaks which are present in both spectra, and b)
uses a dashed line and black text to show peaks only present in S.salivarius, and a dotted
line and red text showing those only present in A.naeslundii.
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amount, and so on. These PC’s can be portrayed on 2 or 3D plots, making visualisation

of the data much easier.
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Figure 3.15: PCA of planktonic S.salivarius and A.naeslundii Raman spectra, where a)
shows the score plot of PC1 v PC2, S.salivarius are black and A.naeslundii red, with 95%
confidence ellipse, and b) shows the % variance explained of PC1 - PC10, with the bars
showing the individual variance and the line showing the cumulative variance. n= 27 per
species.

PCA of planktonic Raman spectra was performed and Figure 3.15a and b shows the
scatter plot of PC1 v PC2, and the variance explained. Each species shows clear clusters,
thus showing that Raman can be successfully used to identify and differentiate between
planktonic species of bacteria. S.salivarius has a broader spread than A.naeslundii show-
ing a greater variability across the PC1 and PC2 axis. The most significant separation
between the two species is along the PC1 axis, where A.naeslundii has a negative PC1
loading while S.salivarius has a majority positive PC1 loading. The loadings show how
strongly that variable influences the component, the bacteria species in this case. A
positive loading has a strong influence or relation to the component, a negative loading
is unrelated or lacking any influence from that variable. The PC loadings for PC1 and
PC2 can be see in Figure 3.16a, and a plot of PC1 loadings with peak annotations can
be seen in Figure 3.16b. The distribution of the scores on the scatter plot show that for
the loadings of PC1, all the peaks in the negative direction correspond to A.naeslundii
(738 - 738, 1127, 1510, 2850 cm ~'), and the positive are S.salivarius (850, 978, 1410,
1580-1660, 1660-1730 cm~!), which encompass the peaks identified by eye in Figure

3.14. PCA was able to successfully identify the two species and provide good spectral

98



information on both species through the PC1 and PC2 components, therefore no further

LDA analysis was required. LDA would also not be possible on just 2 bacteria species

as for LDA the number of components is the number of classes (species) minus one,

therefore LDA could only provide 1 component which would not work.
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Figure 3.16: a) PC1 and PC2 loadings of S.salivarius and A.naeslundii planktonic species,
b) PC1 loading with each significant peak labelled, where negative peaks are associated with
A.naeslundii and positive peaks S.salivarius

3.6 Raman on-chip: Mono-species biofilms

Taking Raman spectra of mono-species biofilms is the natural progression of trying to

understand these species and how they, and their spectra, change over time as they

secrete extracellular matrix and form biofilms. Understanding how these single species

grow on their own will make understanding 2-species biofilms easier, and highlight what,

if any, features are exclusive to multi-species biofilms. Raman spectra of S.salivarius
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and A.naeslundii mono-species biofilms were taken every day from Day 1 - Day 5, with
a minimum of 25 spectra taken across three biofilms and the average of each spectrum
from each day plotted. The Raman peaks were identified based on the literature and

can be found in Table 3.2.

Wavenumber (cm™!) Peak Assignment Reference
602 DNA 209, 211]
614 DNA 209, 211]
710 DNA 209, 211]
728 Adenine [218]
746 DNA 209, 211]
781 Cytosine [210, 211]
784 DNA 208, 211]
850 Tyrosine [220]
920 c-C 209, 211]
980 protein [211]
1003 Phenylalanine 209, 210]
1127 C-N stretch (proteins) [222]
1168 Tyrosine [223]
1250 Amide IIT [224]
1297 CH; twisting [211]
1305 CHa, nucleic acids [225]
1337 CH, wagging [214]
1414 DNA/CH 219, 226]
1450 CH, bending 209, 210]
1581 DNA [222]
1604 Tyrosine [221]
1670 Amide I [209, 210]
2850 CH; symmetric [211]
2874 CHs sym and asym of lipids and proteins [227]
2881 CHjy symmetric [228]
2905 CH; fermi resonance, CH stretch [211]
2930 CHj3 symmetric [211]
2960 out of plane asymmetric CHg stretch [211]

Table 3.2: Raman peak identifications based on literature that have studied bacterial and
mammalian cells.

3.6.1 S.salivarius Mono-species Biofilm

Figure 3.17 shows the Raman spectra of S.salivarius mono-species biofilms taken over

5 days, the planktonic spectrum in black is inlcuded for reference. Key peaks which
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visually change over time are labelled with a dashed line. Some peaks that are present
in the planktonic spectra are not present in the biofilm spectra, such as 728 and 980
cm ™!, while there are others that are not present in the planktonic and only feature in

the biofilms; 602, 614, 710, 746, 1127, 1297, 2850, and 2905 cm~_.

S.salivarius Monospecies
614 746 850 28812937
602 710 781 920 1003 1127 116812971337 1414 1581 2850 2905

——Day 5
Day 4
———Day 3
Day 2
Day 1
—— Planktonic

10 4
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Wavenumber (cm™)

Figure 3.17: Raman spectra of S.salivarius mono-species biofilms taken everyday for 5
Days. S.salivarius planktonic spectra is shown in black for reference, Day 1 (red), Day 2
(blue) Day 3 (green), Day 4 (purple), Day 5 (gold). Key peaks are labelled with a dashed
line. All spectra normalised to the Amide I peak 1670 cm™.

Figure 3.18 shows the intensity over time of significant peaks, with peaks showing
similar trends grouped together. Figure 3.18a shows 602, 614, 710 and 746 cm™!,
which are all labelled as DNA. All peaks were not present in the planktonic spectra thus
suggesting these DNA peaks are associated with the extracellular matrix. 746 cm™! is
the only peak that shows a linear increase over time. 602, 614 and 710 cm™! all show an
increase between Day 3 - 5, suggesting some significant metabolic activity during this
stage of biofilm growth. Figure 3.18b shows 781 and 920 cm ™!, which are cytosine and

the C-C stretch of lactic acid, respectively. Both are present in planktonic and also show

the greatest increase between Day 3 - 5.

Figure 3.18c shows 1127 (C-C), 1337 (CHs wagging) and 1581 (DNA) cm™! linearly
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Figure 3.18: Raman peak intensity over time of S.salivarius biofilms, where peaks are
grouped by biological relevance: a) (DNA) 602, 614, 710, 746 cm™! b) 920 (C-C), 781
(cytosine) em™?, ¢) 1127 (C-C), 1337 (CHy wagging), 1581 cm~! (DNA) d) 1297 (CHa
twisting), 2850 (CHy symmetric), 2881 (CHy asymmetric), 2905 (CHs FR), 2937 (CHjs
symmetric) cm~!. Curves fitted with a linear or exponential curve fit.
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increase over the 5 days, showing the increase in protein and DNA production as bacteria
not only proliferates, but excretes matrix. The linear growth of DNA fshown in this figure
may represent bacterial cell growth, and explain the difference in growth from that in
Figure 3.18a, which may be more representative of matrix. Figure 3.18 d shows
the CHy and CHj peaks primarily in the high wavenumber region, representing lipids
and proteins. All peaks show a linear increase over time, although 2937 cm~! has a
gradient of 0.06, showing that this peak remains approximately stable over 5 days. The
CHj, peaks, 1297 twisting, 2850 symmetric, 2881 asymmetric, and 2905 fermi resonance
em ™!, all show fluctuations around Day 3, but have an overall linear trend. One common
theme amongst these figures is the increase in intensity from Day 3 - Day 5. This may
suggest the most significant changes are during the mature stages of the biofilm, or there

is an increase in metabolism or new bacterial growth stage occurring at Day 3.

_ 817 748 1127 1297 1526 1581 2850 2881

Intensity (A.U)

/L
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T . 1 1
1000 1500 2800 3000
Wavenumber (cm™)

Figure 3.19: The resulting Raman spectra after S.salivarius planktonic spectra was sub-
tracted from the mono-species biofilms. The dotted line for each spectra is the 'zero’ baseline.
For each Day, the spectra above the dotted line is considered to be the extracellular matrix
contribution. T

To understand the matrix production of S.salivarius mono-species biofilms and how

this varies as the biofilm grows, the planktonic spectra was subtracted from the biofilm
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spectra, leaving what should be, in theory, the Raman spectra of the matrix contribution,
seen in Figure 3.19. For each Day, everything above the horizontal dotted line is
considered to be matrix. Peak which increase from Day 1 - 5 are labelled with a dotted
line. On Day 1 the only significant contribution is DNA in 500-800 cm~! and CHy FR
at 2905 cm~!. By Day 5 distinct peaks appear across the matrix spectra showing the
increase in DNA (617, 746 and 1414 cm™!), proteins and lipids (1127, 1297, 2850, 1526,
2881 cm~!). The increase in matrix intensity shows increased density and thickness of
biofilms. Each species secretes a unique matrix composition and thus far, Raman can
identify S.salivarius matrix components and how they change over time, which may be
unique compared to A.naeslundii and allow for differentiation, or at least comparison,

with multi-species biofilms.

3.6.2 A.naeslundii Mono-species Biofilm

A.naeslundii Monospecies
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Figure 3.20: Average Raman spectra of A.naeslundii mono-species biofilms taken everyday
for 5 Days. A.naeslundii planktonic spectra is shown in black for reference and key peaks are
labelled with a dashed line. 2800 - 3020 cm ™! region is multiplied by 0.5 for scale. Each Day
shows the average (n=75) and the shaded region is the standard error. Spectra normalised
to the Amide I peak 1670 cm™!.
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Raman spectra of A.naeslundii mono-species biofilms from Day 1 - Day 5, along with
the planktonic spectra for reference can be seen in Figure 3.20 with key peaks labelled
with a dashed line. Many peaks are similar to those found in S.salivarius biofilms:
746, 781, 1003, 1127, 1168, 1337, 1581, 2850, 2881, 2905, and 2937 cm~! (present in
planktonic), and 614, 710, 920, and 1414 cm™! (not present in planktonic). The only
noticeable peak that is unique to A.naeslundii is 1305 cm™~! (CHg, nucleic acids). This
peak was not one identified as a notable peak in the PCA performed on planktonic species
in Figure 3.15, therefore this peak must be matrix related. The A.naelsundii spectra
remains consistent over time and is less noisy by Day 5 than S.salivarius, potentially due

to A.naeslundii growing and producing matrix at a slower rate.

The intensity of key peaks over time are shown in Figure 3.21, grouped by similar
features and trends. Figure 3.21a shows 602, 614, 710, 746 (DNA) cm~!. 602 and
614 cm~! remain constant throughout the biofilm growth, until there is an exponential
increase between Day 4 - 5 where the intensity almost doubles. 710 and 746 cm™! both
show a linear increase. As suggested previously, this difference in DNA growth profile

may represent DNA associated with matrix and bacterial cells.

Figure 3.21b shows 781 (DNA) and 920 (C-C) cm™! have no overall increase in
intensity over the course of 5 days. This is Figure 3.21c shows 1127 (C-C), 1305
(CHy/nucleic acid), 1337 (CHs wagging) and 1581 (DNA) cm~!, all following a linear
increase over 5 days. Aside from 1305 cm™! which is not present in S.salivarius, these
peaks follow the same trend as for S.salivarius biofilms. Figure 3.21 d shows the
intensity for all peaks in the high wavenumber region; 2874, 2850, 2881 and 2937 cm ™.
2850 and 2881 cm™! remain stable across the 5 days, having a gradient of 0.003 and
0.02, respectively. 2905 cm ™! shows the greatest increase, with a gradient of 0.19, while
2937 cm™!, has a smaller increase and gradient of 0.06. Compared to S.salivarius,
A.naeslundii shows smaller change in intensity for most peaks over 5 days, and has more
peaks remaining stable. An exponential increase in some DNA peaks are seen between

Day 4 - 5, suggesting an increase in metabolism at this stage.

The sole matrix contribution for each Day is seen in Figure 3.22, with key peaks
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Figure 3.21: Raman peak intensity over time of A.naeslundii biofilms, where peaks are
grouped by similar features: a) (DNA) 602, 614, 710, 746 cm~!, b) 781 (DNA) and 920
(C-C) em™1, ¢) 1127 (C-C) 1305 (CHz, nucleic acid) , 1337 (CHy wagging), 1581 (DNA)
em~t, d) 2850 (CHy symmetric), 2881 (CHy asymmetric), 2905 (CH), 2937 (CH3 symmetric)
cm~!. All plots fit to a linear or exponential curve fit.
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Figure 3.22: The resulting Raman spectra after A.naeslundii planktonic spectra was sub-
tracted from the mono-species biofilms. For each Day, the spectra above the dotted line is
considered to be the extracellular matrix contribution.

that change over time highlights with a dotted line. 614, 710, 746, 1414 and 1581
cm™! are DNA peaks that show clear increase over 5 days and are thus DNA peaks
that are associated with A.naeslundii matrix production. 1127 em~! (C-C) which could
be related to proteins shows a strong peak by Day 5. 1450 cm™' does not show a
positive peak, however does increase in intensity over time showing an increasing matrix
contribution to the CHy peak, likely related to the lipid and proteins in the matrix. The
2905 cm ! peak is present at Day 1 and only increases by Day 5, showing this peak to
be indicative of A.naeslundii matrix, whereas the lack of 2937 cm™! peak suggests this

CHj peak is related to bacterial cells.

Both S.salivarius and A.naeslundii grow thick biofilms within 5 Days. The key
features of which, DNA, proteins, lipids, can be detected and tracked using RS. For
S.salivarius biofilms, the trend in peaks suggested the most growth between Day 3 and
5. This increase is mostly matrix, with a strong increase in DNA in the 500 - 800 cm™!

region, and specific peaks in the high wavenumber region; 2850, 2881, and 2905 cm ™! all
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representing the increasing CHs and CHj lipid and protein contribution. The increase in
spectral intensity over time for A.naeslundii biofilms was less intense than S.salivarius
biofilms, with the sharpest increases happening between Day 4 - 5. When looking at the
matrix contribution, A.naeslundii has fewer peaks in the high wavenumber region, yet
both species of biofilm are lacking in the 2937 cm~! peak, therefore this peak could be

considered an indicator of the bacteria cells and not the matrix.

3.7 Raman on-chip: 2-species biofilms

Understanding Raman spectra of S.salivarius and A.naeslundii in planktonic and mono-
species biofilm form provides a foundation of knowledge when wanting to look at a more
complex 2-species biofilm system. When looking at how the 2-species biofilm changes
over time, Raman spectra of biofilms at different Days are compared to see these changes,
if any at all. Where the appearance of new peaks or changes in peak intensity can be
seen, based on peak assignment we are able to identify what is changing and broadly infer
what is the cause, for example peaks in the 2800-3000 cm ™! region are associated with
CHs and CHj in proteins and lipids, thus an increase likely indicates cell growth and
matrix production. However, knowing that S.salivarius has a distinct peak at 2881 cm ™!

on Day 5 when A.naeslundii does not, suggests that S.salivarius is the main contributor

behind this peak within a multi-species system.

What is difficult about 2-species biofilms is that there is now inter-species interac-
tions taking place, making them more complex than simply the sum of the two mono-
species counterparts. Comparing Raman spectra of 2-species biofilms to the mono-
species biofilms is important as it tells you the influence each species may be having on
the biofilm at that point, but crucially shows what is different and therefore what makes

a 2-species biofilm inherently different from the mono-species.

The average Raman spectra of S.salivarius and A.naeslundii 2-species biofilms taken
Day 1 - Day 5 can be seen in Figure 3.23. Key peaks are annotated, which are the

same as those highlighted in the mono-species biofilms. From this figure, an initial visual
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Figure 3.23: Average Raman spectra of S.salivarius and A.naeslundii 2-species biofilms
taken everyday for 5 Days. Day 1 (black), Day 2 (red) Day 3 (blue), Day 4 (green), Day 5
(purple). Key peaks are labelled with a dashed line. 2800 - 3020 cm ™! region is multiplied
by 0.5 for scale. Biofilms were grown microfluidically and the same biofilm analysed over
time. Each day shows the average of 3 experimental repeats (total spectra n=75) and the
shaded region is the standard error. Spectra normailsed to Amide I peak 1670 cm™.
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comparison of the spectra shows an increase in intensity in the 500 - 800 cm™! region
(DNA), strong prominent peaks at 747, 1003, and 1127 cm™! across all days (cytosine,
phenylalanine, C-C protein), and the emergence of 2850 and 2881 cm™! (CHj sym and
asym) peaks by Day 5. Compared to mono-species, individual peaks appear more distinct
with greater intensities, 747 and 1003 cm ™! for example. The increase in intensity of the
DNA region from 500 - 800 cm ™! is most similar to the S.salivarius matrix production,
which had a broad increase in intensity particularly by day 4 and 5, as demonstrated in
Figure 3.19. The 2850 cm™~! peak is most likely an indication of S.salivarius matrix,
as the contribution was much greater in S.salivarius than A.naeslundii. The 2905 cm™?

peak present in Day 1 2-species biofilms is due to A.naeslundii matrix, however is present

in both species matrix thereafter.

The variation in intensity over time of these peaks is shown in Figure 3.24. For
DNA 602, 614 and 710 cm™!, Figure 3.24a, the greatest increase in intensity is seen
between Day 4 - 5, with 746 cm™! showing a linear increase. Figure 3.24b shows 781
and 920 cm™! remain stable over 5 days. Thus far, these peaks follow the same trends
as A.naeslundii biofilms. Figure 3.24c shows the DNA peak 1581 cm™! have a linear
increase over time, with gradient 0.08, where as 1127 and 1337 cm ™! have a much smaller
change with a linear gradient of 0.02. The high wavenumber region in Figure 3.24d,
shows small linear increases in intensity over 5 days, with 1297, 2850 and 2881 cm ™! all
having similar gradients (0.06), while the smallest change is seen for 2937 cm™! (0.03

gradient).

The peak trends of 2-species biofilms are most similar to A.naeslundii biofilms, par-
ticularly in Figure 3.24a and Figure 3.21a comparing the DNA peaks which only
show increase between Day 4 - 5. The stability of 781 and 920 cm~! peaks over the 5

days is also similar to A.naesludnii.

To see if 2-species biofilms at different time points can be individually identified, linear
discriminant analysis (LDA) was performed. Unlike PCA, which is an unsupervised
model used to find the maximum variance within the data-set, LDA is supervised (which

takes a portion of the data set to train the algorithm which then processes the remaining
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Figure 3.24: Raman peak intensity over time of S.salivarius and A.naeslundii 2-species
biofilms, where peaks are grouped by similar features: a) (DNA) 602, 614, 710, 746 cm ™1,
b) 781 (cytosine) and 920 (C-C) em™1, ¢) 1127 (C-C), 1337 (CH, wagging), and 1581 cm ™1,
d) 1297, 2850 (CHy symmetric), 2874 (CHy), 2881 (CHy asymmetric), 2905 (CHy FR), 2937
(CH3 symmetric) cm~!. All plot fit to a linear or exponential curve fit.
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data) and aims to find the maximum separation between the defined classes - which are in
this case Day 1, 3 and 5. LDA was the preferred method for this analysis as the Raman
data across all days was so similar, the variance between the days was not different

enough to warrant any information.

A scatter plot of LDA for 2-species biofilms at Day 1, 3, and 5 is shown in Figure
3.25. Day 1, 3 and 5 were chosen to simplify the analysis and to show the greatest
changes over the 5 days. LDI1 and LD2 show the discriminants that have the most
separation. From this we see that there is substantial overlap with Day 3 and 5, but Day
1 can be separated from them both. Day 3 and 5 are extremely similar, although Day 5
has much wider spread than Day 3. For mono-species biofilms, S.salivarius demonstrated
the greatest difference between Day 3 - 5, and A.naeslundii between Day 4 - 5, which is
reflected in the LDA plot. This data suggests that by Day 3 for 2-species biofilms, the
biofilm reaches a new stage of growth lasting until at least Day 5, which is distinct from
Day 1. This LDA model however only shows an accuracy rate of 73 & 1.5 %, sensitivity
of 85 + 2%, and specificity of 95 & 0.5 %, when doing a 5-fold cross validation. This
lower rate of accuracy reflects the similarity of the biofilms across the days, particularly
Day 3 and 5 which have large overlap. The average Raman spectra across each biofilm
is able to differentiate between biofilm days, but not at high accuracy, therefore looking
at specific areas of the biofilm in isolation, such as the top or bottom, may show more

significant differences and allow for higher accuracy LDA.

3.7.1 Comparison of 2-species and mono-species biofilms

The change taking place within 2-species biofilms over time are still unclear, however
learning what separates them from mono-species biofilms would be a step towards im-
proving our understanding. LDA was used to compare S.salivarius and A.naeslundii

2-species and mono-species biofilms on Day 1 and Day 5.

The LDA results for Day 1 are shown in Figure 3.26, with an accuracy of 87.7 + 1
%, sensitivity of 89.1 + 1.6 %, and specificity of 97.6 & 0.6 %. The scatter plot shows

clear and defined biofilm clusters, with 2-species located in the middle of the mono-
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Figure 3.25: LDA of S.salivarius and A.naeslundii 2-species biofilms at Day 1, 3 and 5.
Scatter plot of the classes showing LD1 v LD2 where Day 1 (black), Day 3 (red) and Day 5
(blue), with 95% confidence ellipse. For each day, n=75.
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Figure 3.26: LDA of Day 1 S.salivarius and A.naeslundii mono-species and 2-species
biofilms. Scatter plot of the classes showing LD1 v LD2 where 2-species (black), S.salivarius
(red) and A.naeslundii (blue), with 95% confidence ellipse. For each biofilm, n="75.
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species along the diagonal axis. The biofilms are well separated along both LD1 and
LD2. Along the LD1 axis 2-species biofilm has most overlap with A.naeslundii, whereas
on LD2, which also shows the greatest separation, 2-species biofilm has overlap with
only S.salivarius. As the 2-species cluster is not located directly on top of the two mono-
species clusters, this suggests there are influences specific to 2-species biofilms causing
this greater separation. The accuracy of these results differentiating between mono-
and 2-species biofilm on Day 1 (87.7%) is greater than comparing 2-species biofilms on

different days (73%).
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Figure 3.27: LDA of Day 5 S.salivarius and A.naeslundii mono-species and 2-species
biofilms. a) Scatter plot of the classes showing LD1 v LD2 where 2-species (black),
S.salivarius (red) and A.naeslundii (blue), with 95% confidence ellipse, b) LD1 and LD2
class distribution shown in a box plot, ¢) Raman spectra corresponding to LD1 (black) and
LD2 (red). For each biofilm, n="75.
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Now when looking at Day 5 biofilms, the LDA results show similar clustering in Fig-
ure 3.27a and b, though all days have a broader spread. The accuracy of LDA is 85.8
+ 1.2 %, sensitivity 84.2 & 2.1%, and specificity 95.6 &= 0.8 %. The accuracy is slightly
lower than for Day 1 biofilms (87.7%), however as the biofilms have matured and have
increased matrix, the biofilms may become more similar and slightly harder to differenti-
ate. The 2-species biofilm cluster is mostly situated in the positive LD1 and LD2, where
both mono-species biofilms are mostly negative LD1 and LD2. There is therefore some-
thing about these two species being combined in a multi-species biofilm that creates a
new environment that is completely different from their parts. The combination of each
species and their respective matrix contribution makes a unique 2-species environment,
however how these species grow together and the intricacies of their relationship within
the biofilm is not able to be seen in detail at this stage with this data. We are are to see
the difference between the two mono-species and how these species grow individually,
and their respective matrix contributions, and using this we can compare mono-species
biofilms to 2-species biofilms at each day. We are also able to see how these biofilms
change over time. By looking at the peak trends, the 2-species biofilm had most sim-
ilarities to A.naeslundii over time, yet all biofilms show most changes over Day 3 - 5,

therefore it can be concluded that a new biofilm growth stage occurs between Day 3 - 5.

What we do not know is if there is a difference in the Raman spectra of live and dead
bacteria, and whether such differences could be signifiers of dead bacteria in the biofilm.
For example, Runze Li et al found that the difference in live and dead FEscherichia coli

1 caused by the denaturing of proteins

was the emergence of a peak around 1400 cm™
when exposed to UV [229]. It is most likely that bacteria within the biofilm would die
due to starvation caused by a nutrient gradient across the depth of the biofilm, and
the effect of this on the morphology and metabolism of S.salivarius and A.naeslundii
biofilms has yet to be reported. The relative proportion of live and dead bacteria within
the biofilm will affect the Raman spectra in ways such as the appearance of new peaks
or peak intensity. If there is a high proportion of dead bacteria, there may be a slowing

down of matrix production which is reflected in the peak intensities of the corresponding

peaks. The Raman spectra of nutrient deficient bacteria should be studied, as well as
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bacteria under hypoxic conditions too as the oxygen gradient within the biofilms may

cause aerobic species trapped in an anaerobic environment to die.

For all biofilms, Raman spectra were taken at 75 points across the whole biofilm
and averaged to produce one final spectrum seen in Figure 3.17, 3.20 and 3.23.
This method provides a broad overview of the biofilm and as shown above, provides
valuable information about how the contents of the biofilm changes over time, and can
be used to successfully differentiate between mono- and 2-species biofilms. However, in
order to maximise the potential of RS as a tool for label free, non-destructive biofilm
analysis, Raman spectra and in particular Raman maps should be taken at specific
known locations (e.g. inner/outer edge, top/bottom) to show what is happening in an
area of biofilm at these points, and then demonstrate how these areas differ from each
other. Having a visual map of the area and knowing the location can help explain why
certain Raman features are present. The behaviour and structure of the biofilm at a
point on the bottom inner edge, shielded from nutrients, compared to a point on the top
outer edge which is in the flow of nutrients, will likely be very different, so knowing the

location and taking a Raman map of the area will provide detailed specific information.

Unfortunately, it was not possible to take Raman maps of biofilms for this part of the
work as maps required long scan times (>>4 hours), during which the 100x oil objective
would drift out of focus. Raman maps have recently been used to identify bacterial
species within a 2-species biofilm , and in theory has the potential to separate live
and dead bacteria, as well as understand inter-species interactions within the biofilm, by
looking at metabolite production or species density, for example [124]. Surface Enhanced
Raman Spectroscopy (SERS) is an alternative method of RS where a metallic substance
such as silver is added to the sample, either on the surface or via nanoparticles, resulting
in a Raman enhancement factor of 101 - 10! [230]. This enhancement may be what is
needed to show the small differences between biological spectra as has already been used
to study the matrix production of bacteria at different growth phases, and together with
PCA-LDA has demonstrated the response of Pseudomonas syringae biofilms to a viral
contaminant at varying doses [120, 231]. Stimulated Raman Spectroscopy (SRS) is a

resonance enhancement, vibrational imaging technique that can map the distribution of
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chemical bonds in 3-dimensions and real time [232]. SRS can produce Raman maps 1000
times faster than spontaneous RS, making it a favourable choice for biofilm analysis, and
has recently been used to show that penetration of vancomycin within Staphylococcus
aureus biofilms is shallow and non-uniform due to vancomycin attachment to bacteria

cells [233].

In order to gain further understanding of multi-species oral biofilms using RS, care
should be taken when choosing areas of biofilm to scan, as the information gathered at
more localised areas along with the knowledge of location and potential map images, will
provide greater insights into the biofilm structure and what exactly is causing this. Other
Raman techniques such as SRS or SERS have the advantage of enhancement factors and

faster scan time, making data acquisition easier and higher quality.

3.8 Chapter Conclusions

This chapter developed a microfluidic platform for the growth of multi-species biofilms
under continuous flow, which had multiple inlets to allow all analysis and treatments to
occur on chip. Using microfluidics as the method of growth allowed biofilms to be anal-
ysed in real time using non-destructive RS. Initially, RS of planktonic S.salivarius and
A.naeslundii was performed and the spectra of each species compared, with peaks associ-
ated with S.salivarius identified as 728, 850, 980, 1414, and 1604 cm™!, and A.naeslundii
as 746, 1127 and 2850 cm™'. PCA was able to successfully identify and cluster each

species, demonstrating that RS can be used a a method of species identification.

RS of mono- and 2-species biofilms were taken every day for 5 days and the trends of
key peaks over time were plotted and assessed. For all species most peaks show a linear
increase over time, except for DNA peaks at 602 and 614 cm™, which for S.salivarius
showed an exponential increase between Day 3 - 5, and for A.naeslundii and 2-species
biofilm this occurred between Day 4 - 5. The matrix contribution of mono-species
biofilms at each day was seen by subtracting the planktonic spectrum from the biofilm

spectra, leaving what should in theory be just matrix contribution. For both species a
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strong CHy 2905 cm™ peak was present which could be used to identify matrix, whereas
the 2937 cm™ was not present in both spectrum, suggesting this peak is associated with
bacterial cells. S.salivarius matrix had a strong broad increase in intensity over the DNA
region 500 - 800 cm™ which was also seen in the dual species, and the 2850 cm™ peak
had the strongest contributions from S.salivarius, which were both seen in the 2-species
biofilms. The 614 cm™' DNA peak for A.naeslundii is also very strong in the matrix,

and has great contributions to the 2-species biofilm.

LDA was used to show the differences between 2-species biofilms on Day 1, 3 and
5, with an accuracy of 73 %. Day 3 and 5 showed considerable overlap, but both were
distinct from Day 1, showing that by Day 3 the 2-species biofilm must reach a new
growth stage and thus have a biofilm composition that remains relatively unchanged
up to Day 5. LDA was also used to see the differences and similarities between mono-
and 2-species biofilms on Day 1 and 5. Day 1 and 5 LDA were both able to distinctly
cluster all 3 biofilms with little overlap, showing that 2-species biofilms are not just the
sum of the mono-species part, but there are specific 2-species interactions taking place
that makes multi-species biofilms unique from mono-species. Day 1 was able to identify
clusters with an accuracy of 838 % and Day 5 86%. The 2-species biofilm cluster sits in
between the two species clusters, however on Day 1 the 2-species had most overlap with

S.salivarius, suggesting a Day 1 2-species biofilm may be most like S.salivarius biofilm.

Using RS we are able to identify the planktonic species, monitor mono- and 2-species
biofilms over time, and see RS of the individual matrix components. Spectra can be
compared and the peak intensities tracked over time, however LDA can be used to
further the analysis and separation between the biofilms, particularly when spectra is
relatively similar. This data is able to infer relationships between the biofilm, such that
a 2-species biofilm may be most similar to S.salivarius on Day 1, however this method
is unable to identity individual species within the biofilm, or show specifically how the
biofilm change in relation to metabolites or other inter-species interactions, due to the
limitations on scan speed, resolution, and ability to take Raman maps. Furthermore, the
contribution of dead bacteria within the biofilm is unknown and should be considered

for future works.

119



Chapter 4

Stimulated Raman Spectroscopy

and Two-Photon Fluorescence of

Oral Biofilms

4.1 Aims and motivation

Due to the limitations of spontaneous RS when it comes to analysing multi-species
biofilms, such as speed of acquisitions and limited spatial resolution, another method of
RS was sought out which was capable of penetrating the depth of the biofilm and taking
z-stacks to provide high quality Raman data of biofilms over time. This chapter uses
Stimulated Raman Spectroscopy (SRS) which is able to provide high resolution images,
z-stacks, and hyperspectral images of biofilms much faster than spontaneous RS. The
nature of the equipment used meant that Two-Photon Fluorescence (TPF) could also be
acquired at the same time. During SRS only the high wavenumber region (2740 - 3080

ecm~!) is captured, therefore only this region is discussed in this chapter.

The process of taking SRS, hyperspectral SRS and TPF of biofilms on chip has not

been previously reported and represents a novel approach. This chapter explores SRS as
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a method of biofilm characterisation, and looks into the best method of analysing and
presenting the data. The work in this chapter was undertaken at the EPSRC supported
CONTRAST facility at the University of Exeter. As samples were prepared in Leeds and
needed to be transported to Exeter, due to the need to take samples on public transport,

all biofilms were fixed with 4% para-formaldehyde.

4.2 S.salivarius Mono-species Biofilms

4.2.1 Day 1
4.2.1.1 Hyperspectral SRS

Specific Point Analysis Method

Hyperspectral SRS images of biofilms form a stack of 101 images, where each image
is an intensity map taken every 3.44 cm™! from 2740 - 3084 cm~!. Figure 4.1 demon-
strates how the stack of images corresponds to wavenumbers. Each pixel of the image
(512 x 512 pixels) contains the intensity information at that wavenumber therefore when
analysing the stack of images, the information of a pixel or region of interest can be
extracted from each slice and the Raman spectra plotted (intensity (A.U) v wavenumber

cm ™).

The hyperspectral SRS image of a S.salivarius Day 1 biofilm is shown in Figure
4.2. The image used in this figure was taken at 2925 cm™! which had the greatest
intensity across the stack, and is used here for demonstration purpose. All analysis was
performed on the whole stack. The yellow square inset of Figure 4.2 shows a zoomed
in section of the hyperspectral image with each pixel having a specific intensity. This
area demonstrated the high resolution of SRS as planktonic bacteria, small chains, and
clusters of S.salivarius can be seen attached on the surface. Brighter regions appear
to show areas of biofilm which are thicker and denser in bacteria. This image at 2925

em~! is associated with the CH3 (protein) peak and therefore may be indicative of the
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Figure 4.1: Schematic showing how hyperspectral SRS stacks correspond to wavenumbers.
Each image in the stack is taken at a specific wavenumber, where each pixel of that image

shows the intensity at that wavenumber. The stack can therefore be plotted as Intensity

(A.U) v Wavenumber cm~*.

bacteria rather than the matrix.

As mentioned, when selecting regions of interest on the hyperspectral images, the
Raman intensity of that area can be averaged and plotted. Figure 4.3a shows six
regions of interest and the associated spectra in Figure 4.3b. The six regions were
chosen for comparison based on visual assessment of the SRS image, as they appear to
show varying degrees of biofilm thickness and bacteria density, with point 1 (red) showing
the surface with no apparent biofilm, up to point 6 (gold) which is the brightest and
densest area of biofilm. Point 1 (red) shows a very low intensity shallow 2900 cm~! peak
which could be associated with remnants of saliva on the surface or traces of biofilm
matrix. Point 2 (green) shows an area of uniform bacteria (potentially planktonic or
with minimal matrix based on visual assessment), which has a low spectral intensity but
broad peaks at 2902 and 2932 cm~'. It is unclear if the bacteria has began to secrete

extracellular matrix at this stage which could be contributing to this spectra.

Point 3 (dark blue) is a low intensity area, lower than point 2 where bacteria are

visible present, whereas the neighbouring point 4 (light blue) is brighter and more intense.
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Figure 4.2: SRS hyperspectral image of S.salivarius Day 1 biofilm. The image is the slice
with the maximum intensity, 2925 cm ™!, taken from a stack 2700 - 3200 cm~!. The yellow

square shows a zoomed in area of the SRS hyperspectral image, where each pixel contains a
Raman spectra.
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Figure 4.3: a) SRS hyperspectral image of S.salivarius Day 1 biofilm. Each pixel of the
image contains a Raman spectra from 2700 - 3200 cm ™! . Circled areas show different regions
of interest (ROI) across the biofilm and the average spectra within the ROT are plotted in b).
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This visual comparison suggests point 4 may have bacteria and matrix contributions
whereas point 3 may just be matrix. The corresponding spectra for these areas show
that point 3 (dark blue) has a stronger 2902 cm™! peak, whereas point 4 (light blue) has
approximately equal 2902 and 2935 cm ™! peaks. This comparison of neighbouring areas
which look visually different suggests that S.salivarius has a stronger and identifiable
2935 cm~! contribution, and the matrix which may also contribute to 2935 cm™!, has a
stronger 2902 cm™! contribution. The intensity of point 4 is also double that of point
3 owing to the increased density of biofilm. Point 5 (pink) shows increased intensity of
both 2902 and 2935 cm~! and the emergence of peaks at 2850 and 2880 cm™! which
likely represent more matrix contribution. Finally point 6 (gold) is the most intense
and densest area of biofilm, which is reflected in the spectra. The clear dominating
2935 cm~! peak shows this area is high in density of S.salivarius bacteria, with matrix
contribution at 2902, 2880 and 2850 cm™!. This agrees with the findings of spontaneous
RS in Chapter 3, where the matrix contribution of mono-species biofilms had a strong
clear 2905 cm™ peak, whereas the 2937 cm™ was notably missing, therefore suggesting

this peak is representative of bacteria cells.

Significant peaks in S.salivarius Day 1 biofilms are therefore 2850 (v;CHsz), 2880
(vasCHs), 2902 (vEECH,), and 2935 (v,CH3) cm™!, as explained in Table 4.1. 2902
cm~! is tentatively assigned as the fermi resonance of v,sCHy though this assignment is

nontrivial and has also been associated with C-H stretching [234, 235].

Wavenumber (cm™!) Assignments
2850 (2848 - 2852) vsCHs lipids, proteins
2880 (2871 - 2881) Vs CHa lipids
2902 (2900 - 2905)  vEECH, (tentative) lipid
2935 (2925 - 2937) vsCHs protein, lipid

Table 4.1: Raman peak assignments. v: stretching vibration, vs: symmetric stretching,
Vgs: asymmetric stretching, FR: fermi resonance. [211, 234].

It was noted that throughout the hyperspectral image, bright spots can be seen that
are not consistent with the biofilm, highlighted as point 1 (red) and 2 (green) in Figure
4.4a. The spectra in Figure 4.4b is distinct from that seen previously, showing a sharp

yet broad spectra between 2840 - 2932 cm™! and a peak at 2877 cm~!. There is no
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obvious assignment for this spectra within the literature, though these peaks are slightly
red-shifted from the CHy and CH3 peaks mentioned previously, which can occur when a
sample becomes more crystalline. It is possible therefore that these bright spots could be
crystalline lipid artefacts from the biofilm nutrients, or as a result of the fixing process

of these biofilms.
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Figure 4.4: a) SRS hyperspectral image of S.salivarius Day 1 biofilm. Each pixel of the
image contains a Raman spectra from 2740 - 3084 cm~! . Bright points 1 (red) and 2 (green)
across the biofilm are circled and the average spectra of these points are plotted in b).

A great deal of information can be gained from hyperspectral SRS images of biofilms,
however this method of selecting specific points from the image to plot is subjective
and not consistent when comparing multiple biofilms. To make analysis consistent and
uniform across data sets, the hyperspectral images were divided into a grid from which

spectra were withdrawn, as now described.

Grid Analysis Method

To have a consistent method of hyperspectral image analysis across all sets of data,
the images were divided into a 15 x 15 grid, where each grid is 14.14 ym? (34 pixels?),
Figure 4.5a. The average spectra from each grid was collected. From the grid, one
row or column which best represented the biofilm was chosen for analysis, highlighted

in yellow in Figure 4.5a. This method was able to cut down the large amount of data

125



Intensity (A.U)

2800 2850 2900 2950 3000 3050
Wavenumber (cm™)

(b)

Normalised ; g 9
8 8
—2 N N
1.0 —3 1.0
0.8+ 0.8+
5 5
<06 o6
2 2
‘® ‘@
f=4 f=4
L L
£044 £044
024 0.24
0.0 4 T T T J 0.0 T T T T d
2800 2850 2900 2950 3000 3050 2800 2850 2900 2950 3000 3050
Wavenumber (cm™) Wavenumber (cm™)
(c) (d)
o - 0 v
v @ o oN
— @ ©
i 9 N % g —9
1.04 1.04 —10
5 —11
—6
0.8 7 0.8
— —8 =
B —12 2
Lo6- —14 Lo6
2 2
‘0 ‘0
=4 =4
2 2
£044 £044
024 0.24
0.0 T T T J 0.0 T T T T J
2800 2850 2900 2950 3000 3050 2800 2850 2900 2950 3000 3050

Wavenumber (cm™) Wavenumber (cm™)

(e) (f)

Figure 4.5: a) SRS hyperspectral image of S.salivarius Day 1 biofilm analysed using a 15
x 15 grid. Each pixel contains a spectra and the average spectra in each 14.14 pm? square
(34 pixels?) was plotted for analysis. Row 7, highlighted in yellow, was chosen for analysis.
b) Average spectra for row 7 plotted for grid 1 - 15, c¢) average spectra normalised to the

max intensity which are also grouped by similar features and plotted separately on d), e)
and f) for clarity.
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from each image into a reasonable, comparable dataset.

Figure 4.5b shows the 15 spectra for row 7 of S.salivarius Day 1 biofilm. The most
intense spectra are 9 - 11 across the densest area of biofilm, which has a dominant 2925
cm™! peak. Thinner areas of biofilm such as 3 - 6 show a dominant 2903 cm~! peak.
These spectra are normalised to their maximum peak in Figure 4.5c which are then

grouped by similar features and plotted separately in Figures 4.5d - f for clarity.

Those spectra with a dominant 2902 - 2905 cm~! peak in Figures 4.5d are 1, 2, 13,
and 15. Grid 1 and 2 show areas of mostly matrix and little bacteria, while 13 and 15
show areas of sparse bacteria on the surface. The spectra for 13 and 15 are an average of
bacteria and the surface, therefore these areas are not as specific as those found previously
in Figure 4.3, however the overall spectra agrees with the findings where the surface
(point 1) and just matrix (point 3) has a more prominent 2902 cm™! peak. Figures 4.5e
shows spectra with approximately equal 2905 and 2925 cm ™! peaks, grid points 3 - 8, 12,
and 14. These are areas which show both matrix and bacteria contribution. Grid points
3 - b show are clearly areas of growing biofilm and show shoulders developing at 2850
and 2881 cm™! due to the matrix, whereas peaks points 12 and 14 are mostly bacteria
on the surface and do not have these shoulders. It is suggested therefore, that the 2850
and 2881 cm~! CHj lipid peaks are indicators of biofilm matrix. Figures 4.5f shows
spectra 9 - 11, the densest area of biofilm in terms of both bacteria and matrix. There
are distinct shoulders developing at 2850 and 2881 cm™! caused by increased matrix

production.

This method of analysis shows the detail and variation of SRS spectra across the
biofilm, without losing detail or over averaging the data. If needed, specific areas could
still be chosen for analysis, as performed in Figures 4.3. While this method is a good
method of directly analysing the hyperspectral data by reducing the size of data, it is
still a time consuming method which requires manual labour. A final suggested method
of analysis is using K-means clustering, an unsupervised machine learning algorithm that

sorts data into a pre-defined number of clusters.
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K-means clustering

K-means clustering is a non-supervised method that separates the data into a pre-
defined number of clusters (K). It randomly picks K number of data points to define the
clusters centroids, then assigns the remaining data points to the nearest centroid. The
final cluster centroid is an average of all data points. The average spectra are plotted and
the colour map of the hyperspectral image is produced, as shown in Figure 4.6a and
b. Four clusters were defined, three of which represent the biofilm and one (cluster 3,
yellow) is the surface with zero intensity. The three defined biofilm clusters are similar in
profile to those found previously using the grid method in Figure 4.5. Cluster 1 (dark
blue) represents moderate biofilm growth with approximately equal 2905 and 2935 cm !
peaks, and shoulders at 2850 and 2881 cm~!. Cluster 2 (light blue) shows denser areas
of biofilm with a dominating 2935 cm~' CHjs protein peak, and cluster 4 shows areas
with matrix and little bacteria, having a dominating 2902 cm~! peak. The colour map
of Figure 4.6a visually represents these areas, drawing similar details and likeness to

the original hyperspectral SRS image.

The deconvolution of each spectra for cluster 1, 2 and 4 are seen in Figure 4.6c¢,
d, and e respectively. Deconvolution of the spectra allows the contribution of each
peak to be seen and therefore the provide more details about the biofilm structure. All
spectra have peaks at approximately 2850, 2873, 2902, 2935 and 2965 cm ™!, and appear
in the same intensity order (relatively), with 2935 cm~! having the greatest intensity,
then 2902 and 2873 cm™'. 2850 and 2965 cm~! fluctuate in intensity though are always

the least intense.

One way to compare spectra is to look at the ratio of 2935/2902 cm ™" for each spectra.
Cluster 1 and 2 have similar 2935/2902 cm ™! ratios at 1.19 and 1.18 respectively, while
cluster 4 is 1.07, showing a much greater 2902 cm~! CHy— lipid contribution. For
cluster 1 and 2, as the 2935/2902 cm~! ratios are similar, the peak that is causing
cluster 1 to be broader than cluster 2 and have approximately equal 2935 and 2902
cm ™! peaks is the 2973 cm~! CHy peak. During the deconvoltution process, iterations

are performed to provide the best fit, which allows the peak position, full width half
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Figure 4.6: K-means clustering of S.salivarius Day 1 mono-species biofilm hyperspectral
SRS data. 4 clusters are defined: Cluster 1 (dark blue), cluster 2 (light blue), cluster 3
(yellow), cluster 4 (red). a) Hyperspectral image of the biofilm identified into clusters.
The yellow rectangle highlights the area used for analysis in Figure 4.5. b) The average
spectra for each cluster, c¢), d) and e) show the de-convoluted spectra of cluster 1, 2 and 4,

respectively.
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maximum (FWHM) and area to change, hence why some peaks are slightly shifted from
the expected positions. Fixing the peak position would often cause the fitting of the peaks
to not converge, causing an error. Hence the deconvolution was the best approximation

of the peaks present.

K-means clustering analysis has proved a quick, reliable, and accurate method of
hyperspectral SRS analysis by defining clusters with spectra that correspond to those
found by manual analysis using specifics points or the grid method. Going forward, k-
means clustering will be used as the sole analysis method for hyperspectral SRS biofilm

analysis.

4.2.1.2 Z-stacks and two-photon fluorescence (TPF)

Hyperspectral biofilm images were taken at one fixed point on the z-axis, gaining data
on a whole spectral region. Z-stacks of the biofilm, at the same x-y position as the
hyperspectral images, were also taken to see how the biofilm varies with depth. In order
to vary the z-position, the wavenumber at which the SRS images were taken was fixed
to the CH3z 2930 cm™! peak, resulting in a spectral intensity that varies with z-position
(um), demonstrated in Figure 4.7a. As found in the previous section, 4.2.1.1, the 2930
cm ™! CHj3 protein peak is indicative of S.salivarius bacteria cells, hence the z-stacks are
expected to show how the profile of bacteria within the biofilm changes with height.
Images were taken every 0.5 um and the z-height was dependent on the biofilm, Figure

4.7b.

TPF z-stacks were also taken at the same point, at same increments as SRS z-
stacks, with an excitation of 802 nm (two photons are absorbed therefore the actual
excitation is 401 nm) and detection at 575 nm (band pass filter allowing 550 - 600
nm). TPF is a non-linear process where the fluorescence intensity scales quadratically
with excitation intensity (Ir o I%), resulting in highly localised fluorescence as the
focal point of the laser beam is the only point where two photons can be delivered
and absorbed simultaneously [236]. TPF shows the presence of endogenous fluorophores

within the biofilm, the fluorescence spectra of which are shown in Figure 4.8 and Table
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SRS Imaging at 2930 cm!

A

Intensity (A.U)

0 pm
. Glass coverslip |

20 pm Z-height (um)

(a) (b)

Figure 4.7: a) Schematic showing SRS z-stack imaging of biofilms. SRS imaging was fixed
to the CHz 2930 cm ™! peak, and each image of the stack was taken at a 0.5 pum intervals.
The spectral intensity is plotted as a function of z-height um, b) schematic demonstrating
how the z-stacks of the biofilm were taken, starting at the base of the biofilm, 0 um, and
increasing in 0.5 pm steps.

4.2. The fluorophore which corresponds to the excitation/emission of 401/575 nm used
for TPF is likely flavins or its derivative, flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN) which are part of the metabolism process playing a key role
in the conversion of energy from acetyl CoA to ATP, and auto-fluoresce in the green

237-239).

Fluorophore Excitation (nm) Emission (nm)
Tryphtophan 280 340
Collagen 365 420
Elastin 365 420
NADH 365 490
Flavins 450 550
Lipo-fuscin (pigments) 532 570
Porphyrins 405 620 - 700

Table 4.2: The excitation and emission of common endogenous fluorophores [241].

The SRS and TPF z-stacks, and composite images, for S.salivarius Day 1 biofilm can
be seen in Figure 4.9. The biofilm stack is 10.5 pm, and images at z = 0, 5, 7.5 and 10.5
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Figure 4.8: Fluorescence emission spectra for common endogenous fluorophores. Repro-
duced with permission from [240] with license CC BY-NC 4.0.

pm are presented for comparison. In Figure 4.9a at z = 0 um, the SRS image (at 2930
cm™!) shows only little intensity gradient on the left side of the image, likely where the
bulk of the biofilm is attached to the surface. The TPF image shows specific detailing of
areas with dense bacteria caused by flavins within the cell. The SRS image in Figure
4.9b at z = 5 um shows a clear base layer of the biofilm matrix, while the TPF shows
a similar profile to that at z = 0 um but with a greater intensity. The TPF intensity is
also at its maximum at z = 5 pm. and the maximum intensity across the stack. It is
not evidently clear, but there is very low intensity fluorescence across the whole biofilm
where bacteria is seen to be present, showing a similar map to Figure 4.9c SRS image.
Therefore, the autofluorescence of flavins (FAD or FMD) are a bacteria marker, the
intensity of which increases with concentration [242]. It is noted that the bright dots in
the the SRS image, which were previously attributed to be crystalline lipid droplets, are

not picked up in the TPF thus are not bacterial cells.

While the greatest intensity and most detail for TPF is seen at 5 pm, for SRS this
is seen in Figure 4.9c at 7.5 pm. The TPF image does not pick up the same details as
SRS, confirming that there is no fluorescence in the matrix. Figure 4.9d at 10.5 ym

shows the top of the biofilm, with both SRS and TPF having little detail.

SRS and TPF are complimentary methods which show different details about the
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SRS z-stack TPF Composite
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Figure 4.9: Day 1 S.salivarius biofilm showing z-stacks of SRS at 2930 cm™! (left), TPF
(middle), and SRS (green) + TPF (red) composite (right). Each slice is 0.5 pm and taken
at a) 0 pm, b) Sum, ¢) 7.5 pm, d) 10.5 pm. (Scale bar = 30 pum).
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biofilm. TPF is a good bacterial marker, showing the distribution of bacteria cells
within the biofilm, however as the biofilms used in this chapter were fixed prior to
analysis, it is unlikely that any conclusions can be drawn from TPF about the metabolic
activity of the biofilm. Flavins are a key part of the metabolic system and it has been
documented that bacterial autofluorescence increases when cells are under stress, by
antibiotics for example. Research by Jérémy Surre et al. found that bacteria exposed
to antibiotics show increased flavin autofluorescence due to the rapid increase in gene
expression and metabolic production to cope and adapt to the stresses, showing the
relationship between fluorescence and metabolic activity [237]. Dead (or fixed) bacteria
cells are however associated with a lower fluorescence intensity [243]. More information
would therefore be gained by looking at live biofilm samples, nevertheless, TPF is a

useful tool for bacteria identification within the biofilms.

4.2.2 Day 5

4.2.2.1 Hyperspectral data

Hyperspectral data of Day 5 S.salivarius mono-species biofilms can be seen in Figure
4.10a. Visually, compared to Day 1, the Day 5 S.salivarius biofilm looks thicker and
denser across the majority of the biofilm. There is a particularly intense area spanning
the outer edge of the biofilm. The outer edge is closest to the flow of nutrients thus is
developing quickly with high rates of metabolism, which would explain why this area

appears particularly dense.

The K-means analysis of the hyperspectral data is shown in Figure 4.10b - f.
Dominant peaks are at approximately 2850, 2881, 2902, and 2930 cm~!. Cluster 2 (light
blue) and 3 (yellow) encompass the main features of the biofilm, with cluster 2 having a
dominant 2930 cm ™! peak while cluster 3 has a dominant 2881 cm ™! peak. This differs
from Day 1 biofilms as 2882 cm™! was not a dominant feature, only presenting as a
shoulder, the same is true for 2850 cm™!, therefore the CHy lipid contribution is much

greater in Day 5 biofilms as a result of the developed matrix and density of the biofilms.
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Figure 4.10: Hyperspectral SRS data of S.salivarius Day 5 biofilms. a) Hyperspectral
image, b) K-means clustering colour map, Cluster 1 (dark blue), cluster 2 (light blue),
cluster 3 (yellow), cluster 4 (red), c) average Raman spectra of the 4 k-means clusters, d), e)
and f) show the deconvolution of cluster 2, 3 and 4 respectively. A Lorentzian fit was used
for multiple peak deconvolution.
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The deconvoluted spectra of each cluster in Figure 4.10d - f further demonstrates
the differences between the clusters. Cluster 2, which maps onto the edge/inner biofilm
and the area which appears to be the most dense, is confirmed to have a leading CHjs
2930 cm ™! peak, associated with proteins and bacteria cells. Supporting the theory that
this area would have the highest growth and metabolism rates. The dominant 2873
(2873-2881) cm ™! peak of cluster 3 shows areas with matrix but fewer bacteria cells,
and/or thinner areas of biofilm. Cluster 4 (red) defines very small irregular features of
the biofilm, mostly small points on the surface where no biofilm is present, or bright
dots seen across the top right of the hyperspectral biofilm image. This spectra has
a broad profile with a peak at 2762 cm™!, corresponding to a CH stretch of possibly
phospholipids [244]. As cluster 4 represents small points across the biofilm, it is likely

that these areas are not bacteria related, and likely artefacts of the biofilm.

Overall, compared to S.salivarius Day 1 biofilms, Day 5 hyperspectral data shows
increased density of the biofilms with a much stronger matrix (lipid and protein) contri-
bution. The hyperspectral data is able to identify regions of high bacterial density using

the CH3 2930 cm ™! peak as an identifier for S.salivarius bacteria.

4.2.2.2 Z-stacks and two-photon fluorescene (TPF)

SRS and TPF stacks were taken of S.salivarius Day 5 biofilms and images at 0, 7.5,
10 and 24.5 pm can be seen in Figure 4.11. At 0 um in Figure 4.11a, there is no
SRS information and only a small amount of flavin autofluorescence present in the TPF
channel, mapping out the edge of the biofilm. Figure 4.11b at 7.5 um shows significant,
yet different detail in both SRS and TPF. The SRS shows a uniform biofilm on the right,
with less intense small regions attached to the surface on the left. From the SRS it is
difficult to discern matrix from bacteria. The TPF however provides the specific detail
and mapping of bacteria within the biofilm, highlighting dense regions of bacteria along
the biofilm edge, and picking up bacteria on the surface that wasn’t as clear in the SRS.
TPF is also the most intense at this z-position. The composite image shows how both

SRS and TPF compliment each other to provide maximum detailing of the biofilm.
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SRS z-stack TPF Composite

Z=0pm
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Figure 4.11: Day 5 S.salivarius biofilm showing z-stacks of SRS at 2930 cm ™! (left), TPF
(middle), and SRS (green) + TPF (red) composite (right). Each slice is 0.5 pm and taken
at a) 0 pm, b) 7.5um, c¢) 10 pm, d) 24.5 ym. (Scale bar = 30 ym).
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As the biofilm height increases to 10 ym in Figure 4.11c, the maximum intensity
of the SRS 2930 cm~! peak is seen along the biofilm border. TPF continues to show
the autofluorescence across the biofilm, particularly in this dense region, but now at a
lower intensity. As we reach the top of the biofilm at 24.5 pym in Figure 4.11d, the
biofilm is now showing on the left hand side of the image and nothing on the right. This
is showing the 3D nature of biofilms as this portion of biofilm may have been attached
originally but has since become detached, except for the line down the middle anchoring
it to the biofilm below (shown in both SRS and TPF). The biofilm is not attached to
the top of the microfluidic chamber as at this, 24.5 um, is to low for the height of the
chamber, 150 pym. The SRS and TPF of this portion of biofilm show similar intensities

confirming the presence of both matrix and bacteria in this portion of biofilm.

Compared to Day 1, Day 5 is naturally a much thicker biofilm, 24.5um compared to
10.5 pm. The biofilm is more established and uniform in appearance, though the TPF
indicates the distribution of bacteria favours the outer edge. In both Day 1 and Day 5,
the maximum intensity of SRS (2930 cm~!) and TPF do not correspond to each other,
instead TPF occurs first, lower in the biofilm. SRS is detecting bacteria and matrix while
TPF alone is suggesting the majority of the bacteria is located towards the bottom of
the biofilm, or at least the bacteria that was most metabolically active prior to fixation.
It should be remembered that these biofilms are fixed and the autofluorescence intensity
for dead bacteria is much lower. It could potentially be the case that bacteria at the
top of the biofilm, which is less dense and trapped, could have lost falvins and have
lower fluorescence intensity levels. The impact of fixation on the SRS intensity of these

biofilms is also unknown at this stage, and should be looked into in the future.

Live/dead confocal images of biofilms shown in Chapter 3 were able to give an
overview of the biofilm and suggest that most live bacteria was on the edges of the
biofilm close to nutrients, whereas those at the base were more likely to be dead. How-
ever, these images were found to not be representative of biofilms as often it was not
possible to image the middle of the biofilm. The TPF images here also show the dense
clustering of bacteria on the edges of the biofilms, with the inner biofilm showing lower

intensity TPF and thus less bacteria. This may be due to there being less bacteria in
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general in these areas, or the fact that when these bacteria were fixed, they were already
dead and potentially being recycled into the biofilm, thus their metabolism, and flavin

production, was low resulting in low TPF.

4.3 A.naeslundit Mono-species Biofilm

4.3.1 Day 1
4.3.1.1 Hyperspectral SRS

Hyperspectral SRS and k-means clustering analysis of Day 1 A.naeslundii biofilms is
shown in Figure 4.12. The hyperspectral image in Figure 4.12a shows a uniform
biofilm with a clear boundary where the biofilm gets thinner and tapers off leaving
bacteria on the surface. The k-means clustering colour map demonstrates this in Figure
4.12b as it has defined the biofilm into four clusters, the spectra of which are shown in

Figure 4.12c-f.

Cluster 1 (dark blue), shown in Figure 4.12d has a very strong 2938 cm~! peak,
representing planktonic bacteria, or small clusters, on the surface. There are small
contributions from CHy bands at 2873 and 2895 showing some matrix production, as
well as the CH3 peak at 2969 cm™!. There is a peak identified at 2918 cm™!, previously
unseen but could attributed to the fermi resonance of CHs [245]. As with S.salivarius, the
CHj3 peak at 2938 cm™! can be considered a primary indicator of A.naeslundii bacteria,

though the peak is at a slightly higher wavenumber than S.salivarius (2930 cm™1).

Cluster 3 (yellow) represents thinner biofilm, the intermediary boundary between
the surface planktonic bacteria and the thicker inner biofilm. The spectra in Figure
4.12e has a strong 2937 cm ™! peak, but with greater 2873 and 2902 cm~! CHjy contri-
butions, showing more matrix is present. Cluster 4 (red) in Figure 4.12f has a similar
profile and peak contribution as cluster 3, but presents as a much broader peak. The

intensity of 2935 cm™! is also decreased, suggesting there is more matrix but slightly
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Figure 4.12: Hyperspectral SRS data of A.naesundii Day 1 biofilms. a) Hyperspectral
image, b) K-means clustering colour map,Cluster 1 (dark blue), cluster 2 (light blue), cluster
3 (yellow), cluster 4 (red) c) average Raman spectra of the 4 k-means clusters, d), e) and
f) show the deconvolution of cluster 1, 3 and 4 respectively. A Lorentzian fit was used for
multiple peak deconvolution.
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less bacteria present within the inner biofilm. This would support previous findings in
Section 4.2.2.2 that there are increased bacterial cells present on the biofilm edges due

to nutrients access and rapid growth rates.

At this stage, the peak position of the CHy 2873 cm™!) and CH3 2937 cm™! peaks
for A.naeslundii are slightly shifted compared to S.salivarius biofilms, 2881 and 2930
cm ™! respectively. Furthermore, there is no 2850 cm™" CHy peak present in any spectra

thus far, making the A.naeslundii matrix production distinct from S.salivarius.

4.3.1.2 Z-stacks and two-photon fluorescence (TPF)

SRS and TPF z-stacks for A.naeslundii Day 1 biofilm are shown in Figure 4.13. The
stacks are 16 pm in height and images are shown at 0, 4.5, 8 and 16 pgm. The SRS
images (taken at 2930 cm™!) show little difference across the z-stack from 0 - 8um,
Figure 4.13a - c. The biofilm looks uniform with no significant changes. By Figure
4.13d at the very top of the biofilm there is very little SRS or TPF signal, potentially

only picking up scattering.

TPF shows autofluorescence in only specific areas of the images, showing small clus-
ters of apparent bacteria, with the largest cluster featuring in the bottom left and top
right corner of the biofilm. The TPF does not indicate any gradient through the biofilm
or boundary, as is seen in the SRS. The fluorescence intensity is at its maximum for differ-
ent areas between 4.5 - 8 um, Figure 4.13b-c, but again only in selected areas. The TPF
does not provide as much detail about the A.naeslundii biofilm as S.salivarius do, this
could be due to the fact that A.naeslundii has a slower growth rate than S.salivarius and
therefore is not metabolising at the same rate by Day 1. It is possible that A.naeslundii
may also just not produce as many flavins and therefore not autofluorescence to the
same degree, or the fact the bacteria are dead may be reducing the intensity or fading

completely those in less dense areas.
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SRS z-stack TPF Composite
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Figure 4.13: Day 1 A.naeslundii biofilm showing z-stacks of SRS at 2930 cm ™! (left), TPF
(middle), and SRS (green) + TPF (red) composite (right). Each slice is 0.5 ym and taken
at a) 0 pm, b) 4.5pm, ¢) 8 ym, d) 16 pm. (Scale bar = 30 um).
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4.3.2 Day 5

4.3.2.1 Hyperspectral SRS

Day 5 hyperspectral images of A.naeslundii biofilms, and the k-means clustering analysis
is shown in Figure 4.14. From the hyperspectral image in Figure 4.14a taken at 2930
cm ™!, the biofilm appears thick and textured in areas showing the 3D nature of the
biofilm. The k-means cluster analysis in Figure 4.14b - f shows the main biofilm is
spilt into 2 clusters, cluster 1 (dark blue) and 4 (red), which are very similar in profile,
Figure 4.14d and f. Both have a main 2926-9 cm~! peak with shoulders at around
2845 and 2875 cm~!. Cluster 1 represents the central biofilm, which appears potentially
less thick and textured, whereas cluster 4 covers biofilm at the bottom for the image that
appears thicker. The spectra for cluster 4 is also broader and has an additional peak
contribution at 2893 cm ™!, suggesting higher matrix contribution in this area. Cluster
3 (yellow), Figure 4.14e, highlights bacterial aggregates on the surface, separate from
the biofilm. The spectra has a 2927 cm ™! peak but is different from cluster 1 and 4 in
that it is much broader spectra due to an additional peak at 3046 cm ™!, which could be

due to asymmetric CH stretching [246].

For this data set, the deconvolution of the clusters does not produce as good of a fit
as the previous biofilms. This is noticeable for cluster 1 and 3 in Figure 4.14dand e
respectively. For Cluster 3, the lorentzian peak fitting was unable to fit the peak at 2902
cm™!. The deconvolution is therefore very useful in predicting the peaks present, but the
peak positioning and intensities may not be accurate. Compared to Day 1 A.naeslundii
biofilms, Day 5 biofilms have introduced a 2845 cm~! CH, peak, though at only very low

intensities. This peak is therefore not as significant in A.naeslundii than S.Salivarius.

4.3.2.2 Z-stacks and two-photon fluorescence (TPF)

The SRS and TPF z-stacks for A.naeslundii Day 5 biofilm are shown in Figure 4.15,

with z-stack height 20 pm, and images given at 0, 6.5, 16, and 20 gm. At 0 pum in
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Figure 4.14: Hyperspectral SRS data of A.naesundii Day 5 biofilms. a) Hyperspectral
image, b) K-means clustering colour map, Cluster 1 (dark blue), cluster 2 (light blue),
cluster 3 (yellow), cluster 4 (red), c) average Raman spectra of the 4 k-means clusters, d), e)
and f) show the deconvolution of cluster 1, 3 and 4 respectively. A Lorentzian fit was used
for multiple peak deconvolution.
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Figure 4.15a, there is very low intensity SRS and TPF seen across the images. The
SRS is beginning to show the biofilm structure, as was seen in the hyperspectral image in
Figure 4.14a, whereas the TPF image shows bright clusters in the centre of the image
providing detail about bacteria within the biofilm that is not seen in the SRS. This is

highlighted in the composite images.

Figure 4.15b at 6.5 um shows intense detail of the biofilm through both SRS and
TPF. The SRS shows the whole biofilm structure and architecture. There appears to
be folds and ripples in the biofilm matrix, which could also be due to impressions from
A.naeslundii bacteria forming chains, though the uniform intensity suggests matrix. The
TPF highlights the bacteria clusters in the biofilm, particularly on the edge of the biofilm
in the centre of the image. This level of detail wasn’t observed for the Day 1 biofilm,
showing that A.naeslundii does in fact autofluoresce but not until more established. TPF
also shows a broad, uniform fluorescence intensity that spans the whole biofilm region.
The uniformity of this fluorescence suggests this is embedded in the matrix rather than
coming from bacteria cells. It has been shown that bacteria can secrete flavins into their

supernatant, thus it is possible that A.naeslundii may do the same [247].

As the biofilm reaches 16 pum, the SRS in Figure 4.15c continues to show the
architecture and thickness of biofilm, only on the right hand side of the image. The TPF
shows how the bacteria weaves in the architecture shown in the SRS, with significantly
brighter areas and some matrix fluorescence too only in the middle region. At 20 pm, the
pinnacle of the biofilm is shown in specific detail by the SRS, Figure 4.15d. There is
low intensity TPF in this region, confirming that the final layer of the biofilm is matrix,

with all bacteria encased within.

Both z-stacks for Day 5 A.naeslundii provide and incredible amount of detail about
the biofilm structure, much more so than Day 1. When comparing to S.salivarius,
A.naeslundii shows a more uniform biofilm from the start but the biofilm itself appears

to have more 3D architectural features.
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Z=16pm
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Figure 4.15: Day 5 A.naeslundii biofilm showing z-stacks of SRS at 2930 cm ™! (left), TPF
(middle), and SRS (green) + TPF (red) composite (right). Each slice is 0.5 ym and taken
at a) 0 pm, b) 6.5um, ¢) 13 pm, d) 20 pm. (Scale bar = 30 pm).
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4.4 2-Species Biofilms

Having seen the results for mono-species biofilms on Day 1 and 5, we now move on to
looking at 2-species biofilms. Having the ability to compare the 2-species to the mono-
species data allows for further interpretation of the results and understanding of the

biofilm.

4.4.1 Day 1

4.4.1.1 Hyperspectral SRS

2-species Day 1 hyperspectral SRS images and k-means clustering analysis are shown in
Figure 4.16. The hyperspectral SRS image in Figure 4.16a shows a high intensity,
dense region in the centre of the image, as well as a very bright spot. From previous
data, such bright intensity spots have not been bacteria relate but lipid clusters. Figure
4.16b - f show the k-means clustering colour map and the corresponding spectra, and
the deconvolution of the spectra. The colour map shows three distinct regions of the
biofilm, transitioning from top to bottom. Cluster 2 (light blue) and cluster 4 (red) are
the most similar, having a dominant 2932 cm~! CHj peak and shoulders at CHy 2870 -
80 and 2889 - 2907 cm~!. However, cluster 2 shows increased intensity in these regions

therefore more matrix and thicker biofilm.

The yellow region, cluster 3, has the most distinct spectra with a dominant peak at
2902 cm™!. A spectra of this style was only seen in S.salivarius biofilms, all A.naeslundii
biofilms had a spectral profile similar to Cluster 2 and 4. In S.salivarius, this spectra
denoted areas of majority matrix with little bacteria present, thus it can be assumed

that the yellow regions may have a high density of S.salivarius matrix contribution.
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Figure 4.16: Hyperspectral SRS data of Day 1 2-species S.salivarius and A.naesundii Day
1 biofilms. a) Hyperspectral image, b) K-means clustering colour map, Cluster 1 (dark blue),
cluster 2 (light blue), cluster 3 (yellow), cluster 4 (red), c¢) average Raman spectra of the 4
k-means clusters, d), e) and f) show the deconvolution of cluster 2, 3 and 4 respectively. A
Lorentzian fit was used for multiple peak deconvolution.
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4.4.1.2 Z-stacks and two-photon fluorescence (TPF)

The Day 1 2-species S.salivarius and A.naeslundii biofilm is much thicker than the
previously seen mono-species biofilms, reaching 74 pym, as shown in Figure 4.17. For
the SRS (2930 cm~!) and TPF stacks, images at 0, 6.5, 24, 37.5, 57, and 74 pum are
shown, along with the composite images. At 0 ym, Figure 4.17a, there is some SRS
signal at the top of the image where there is initial biofilm attachment and the bright
spot in the middle showing this feature is attached to the base of the biofilm. The TPF
shows fluorescence across the centre and small clusters of bacteria. By 6.5 ym, Figure
4.17b, more detail emerges in both the SRS and TPF. The SRS shows the structure of
the biofilm, with a brightspot where the top/central region appear more intense and an
area of biofilm now introduced on the right. The TPF shows in great detail the location
and structure of the bacteria within the biofilm. The bacteria in the lower portion of the
biofilm shows the long chains of bacteria that is often found with S.salivarius. There is
however, no bacteria, or fluorescence indicator, seen in the top of the biofilm, confirming
the idea that this region is mostly S.salivarius matrix production. The TPF has picked

up an area not seen in the SRS, at the centre bottom of the image.

By 24 - 37.5 pm, Figure 4.17c - d, the biofilm is still growing in thickness and
producing matrix as shown by the increased intensity across the SRS image. The TPF
shows clustering of bacteria and uniform fluorescence across the biofilm, as well as in
the right hand region suggestingthere may be biofilm growth unseen in the SRS. The
top portion of the biofilm from 57 - 74 um, Figure 4.17e - f shows growth in the
top left corner of the biofilm, where there was none previously, and the TPF still shows
fluorescence on the right hand side. These SRS and TPF z-stacks show that the majority
of the bacteria, as indicated to by the autofluorescence intensity, resides in the bottom

half of the biofilm, and there may be areas which were developed solely by one species.
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SRS z-stack TPF Composite
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(d)

Figure 4.17: Day 1 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of SRS
at 2930 cm™! (left), TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pym and taken at a) 0 pm, b) 6.5pm, ¢) 13 ym, d) 20 pm. (Scale bar = 30 pm).
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Figure 4.17: Day 1 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of SRS
at 2930 cm~! (left), TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pum and taken at a) 0 pm, b) 6.5um, ¢) 13 pm, d) 20 gm. (Scale bar = 30 um).

4.4.1.3 Day 5

4.4.1.4 Hyperspectral SRS

By Day 5, 2-species S.salivarius and A.naeslundii biofilms have matured, but the inner
workings of the biofilm and how the bacteria interact to produced a complex biofilm
structure is still unknown. Hyperspectral SRS and k-means clustering analysis for this
biofilm is given in Figure 4.18. The hyperspectral SRS image in Figure 4.18a shows
the thick biofilm attached to the PDMS chamber wall (bright white band across the
bottom of the image), spanning out and getting thinner, until single strands of bacteria
are seen on the surface. The dense biofilm attached to the wall creates a semi-circular
region that seems separate from the rest, but under close inspection does look to remain

attached.

The k-means clustering colour map and corresponding spectra are given in Figure
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4.18b - e. The strongest and most notable feature is the PDMS contribution in red,
cluster 4, giving a saturated spectra with peaks at 2891 and 2950 cm™!, consistent
with PDMS CH stretching [248]. Cluster 1 (dark blue) denotes high bacteria density,
high matrix biofilm regions with a broad spectra and peaks at 2919, 2887, 2862 and
2836 cm~!. Though the spectra itself are consistent with previous biofilms, the peak
positions all appear red shifted, having consistently lower wavenumber for the CHy and
CHs peaks seen previously. This is consistent with repeats from the same sample, though
it was only possible to analyse one biofilm for this experiment. A red shift is caused by
the molecules vibrating at a lower frequency, often caused by increased crystallinity or
tensile strain expanding the material. It is not clear why this may happen at this stage,
and as this was not featured in other biofilms, it is not thought to be as a result of the

biofilm fixing process.

Cluster 3 (yellow), has lower CHg peak contributions in thinner areas of biofilm where
bacteria details can be seen in detail, which is as expected. From the hyperspectral data,
it is not possible to discern the species of bacteria at this stage. Z-stacks may provide

more information on bacterial species and how the biofilm structure changes with height.

4.4.1.5 Z-stacks and two-photon fluorescence (TPF)

The Day 5 2-species biofilm spans 43.5 pym. This Day 5 biofilm is not as thick as Day
1, this could be due to a number of reason. Firstly, as SRS is not taken of the same
biofilm on Day 1 and Day 5 (due to biofilms being fixed prior analysis), the nature of
biofilm growth means they grow in slightly different ways and to different thicknesses.
Furthermore, as biofilms mature they break off and disperse, this could cause a reducion
in thickness, or it could be due to general disruption during fixation and transport of the
biofilms for the SRS facility. SRS (2930 cm~!), TPF, and composite images are shown
in Figure 4.19, featuring images at 0, 1.5, 3.5, 9.5, 21, and 43.5 um. Already at 0 um,
Figure 4.19a, the SRS and TPF are showing very different structures of the base of
the biofilm. The TPF shows autofluorescence across the base of the biofilm, with details

showing the bacteria formation so it is not just uniform fluorescence in the matrix. This
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Figure 4.18: Hyperspectral SRS data of Day 5 2-species S.salivarius and A.naeslundii
Day 1 biofilms. a) Hyperspectral image, b) K-means clustering colour map, Cluster 1 (dark
blue), cluster 2 (light blue), cluster 3 (yellow), cluster 4 (red) ¢) average Raman spectra of
the 4 k-means clusters, d), and e) show the deconvolution of cluster 1, and 3 respectively.
Cluster 4 is PDMS, therefore the deconvolution is not shown here. A Lorentzian fit was

used for multiple peak deconvolution.
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visual image the TPF provides is very different from the SRS, and is the same until the
top half of the biofilm. There is no semi-circular boundary, or added depth given to
the biofilm in the TPF, as seen in the SRS. Typically, the whole biofilm structure and
matrix is seen in detail in the SRS, with the TPF giving extra detail on the bacteria.
Therefore, if the structure seen in the TPF was due to flavins being secreted into the
matrix causing the autofluorescence, we would expect to see this in the SRS. This raises
the question of whether the SRS is experiencing scattering or is unable for some reason

to detect these regions.

By 1.5 pum, the TPF is at is maximum intensity as shown in Figure 4.19b. The
TPF does not pick up the planktonic bacteria on the surface, which likely had a lower
metabolism and flavin production than those within the biofilm. The most intense region
appears to follow and cross over the dark semi-circular boundary seen in the SRS, where
nothing is present, best shown in the composite image. The maximum intensity of
TPF at this stage again shows the majority of bacteria may be at the bottom of the
biofilm. At 3.5 ym, Figure 4.19c, this is where the most detail of the biofilm is seen
with intricate details showing individual strands of bacteria and how they connect across
the biofilm. Each species may be somewhat identified, where the long straight hair-like
chains are A.naeslundii and smaller chains or clusters are likely to be S.salivarius. It
is not possible at this stage, using SRS and TPD, to identify species within the biofilm
without the addidtional information of the fingerprint region (500 - 1800 cm™).

As the biofilm gets thicker and grows up the chamber wall, Figure 4.19d - f, the
width of the biofilm in the y-direction gets smaller, reducing to the semi-circular shape
in both the SRS and TPF. At 21 um, specific detail is seen within the biofilm, where
intense ares in the SRS are carved out showing highly dense regions of bacteria and
matrix. Even though the majority of bacteria may reside at the base of the biofilm, SRS
and TPF can be used to see the structural details and intricacies of the biofilm can be

seen throughout the whole biofilm.

The SRS and TPF data of Day 5 2-species S.salivarius and A.naeslundii biofilms,

shows specific bacteria detail on the surface and then how the structure changes as
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Figure 4.19: Day 5 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of SRS
at 2930 cm™! (left), TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pm and taken at a) 0 pm, b) 1.5um, c¢) 3.5 um, d) 9.5, €) 21.5 pm, and f) 43.5
pm. (Scale bar = 30 um).
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Figure 4.19: Day 5 2-species S.salivarius and A.naeslundii biofilm showing z-stacks of SRS
at 2930 cm~! (left), TPF (middle), and SRS (green) + TPF (red) composite (right). Each
slice is 0.5 pum and taken at a) 0 pm, b) 1.5um, ¢) 3.5 um, d) 9.5, e) 21.5 um, and f) 43.5
pm. (Scale bar = 30 pm).

the biofilm grows. TPF on live biofilms would provide more information on how the
metabolism rates grow and change throughout the biofilm as it develops, and may po-
tentially show at what stage, if any, the autoflourescence (flavins) may secrete into the
matrix. At this stage it is hard to determine any specific details about the individual
species within the biofilm or how each has contributed to the growth. Specific labelling
of the bacteria, using a method such as Fluorescence in situ hybridisation (FISH) would

be able to show the individual species location withn the biofilm.

4.5 2-Species FISH Biofilms

Using Fluorescence in situ hybridisation (FISH), S.salivarius and A.naeslundii within
a 2-species biofilm were individually labelled with Cy3 and Cy5 fluorescent probes, re-

spectively. In doing so, z-stacks mapping each species throughout the biofilm were taken
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for Day 1 and Day 5 biofilms, as well as SRS.

4.5.1 Day 1

4.5.2 Hyperspectral SRS

2-species Day 1 biofilms were treated with FISH prior to fixing, and the hyperspectral
image and k-means clustering analysis can be seen in Figure 4.20. The hyperspectral
image in Figure 4.20a shows an area of biofilm with lots of clusters across the surface.
The k-means clustering colour map and spectra are given in Figure 4.20b - f, showing
the biofilm divided into three clear clusters. Cluster 2 (light blue) and cluster 3 (yellow)
both have a dominant 2896 cm~! peak, while cluster 4 (red) has a dominant 2925 cm~!
peak and represents most of the biofilm. As found in S.salivarius biofilms, regions with
a stronger 2895 - 2905 cm ™! peak have more matrix and less bacterial contribution, or
at least a lower bacterial density. Furthermore, seeing this at this stage of the 2-species

biofilm suggests that S.salivarius may be be the dominant species at this stage. Looking

at the FISH z-stacks will be able to show the species distribution within the biofilm.

4.5.2.1 FISH z-stacks

SRS and TPF z-stacks were taken for FISH Day 1 2-species biofilms, however for
TPF, the excitation wavelength was chosen to excite the fluorescent FISH probes. For
S.salivarius labelled with Cy3, a 1045 nm excitation laser was used, and for A.naeslundii
labelled with Cy5, a 1220 nm laser was used. As TPF requires the absorption of two
photons, the actual excitation for S.salivarius and A.naeslundii were 522.5 and 610 nm
respectively. The 10 pm z-stack is shown in Figure 4.21, with images at 0, 5, 8 and

10 pm.

At 0 pm, Figure 4.21a, there is very low intensity SRS and S.salivarius fluorescence
in areas of biofilm growth. By 5 um in Figure 4.21b, full detail of the biofilm can be

seen in the SRS, and the fluorescence images show this is mostly made up of S.salivarius

157



—— Cluster 1
g & § Cluster 2
4.0+ 5 2 9 uster
a oA Cluster 3
354 Cluster 4
3.04
525
<
220
@
g
E 1.5
1.04
0.5
0.0 T T T T 1
2800 2850 2900 2950 3000 3050
Wavenumber (cm')
()
Cluster 3
4.0 Cluster 3
—— 2844 cm’’
35 2868 cm™
|——2895cm™
2925 cm™”
—— 2954 cm’"
—— Cumulative Fit Peak|

T T
2900 2950

T
2850

Wavenumber (cm™)

(e)

Pixels

200

300 400 500
Pixels
Cluster 2
354 Cluster 2
——2867 cm™
3.0 2896 cm'™
——2925cm’”!
2.5 2956 cm'™
s —— Cumulative Fit Peak
<20
2
2
S 15
=
1.0
0.5+
0.0 T T T T d
2800 2850 2900 2950 3000 3050
Wavenumber (cm™)
Cluster 4
4.0
— Cluster 4
35 ——2845cm”
2867 cm”
304 ——2894 cm™’
2925 cm”
Sa2s54 ——2953 cm’!
< —— Cumulative Fit Peak
2204
(7]
=4
o
£ 15
1.04
0.5
A,
0.0

T T T T J
2850 2900 2950 3000 3050

Wavenumber (cm™)

(f)

Figure 4.20: Hyperspectral SRS data of Fluorescent in situ hybridisation (FISH) Day 1
2-species S.salivarius and A.naeslundii Day 1 biofilms. a) Hyperspectral image, b) K-means
clustering colour map,Cluster 1 (dark blue), cluster 2 (light blue), cluster 3 (yellow), cluster 4
(red), ¢) average Raman spectra of the 4 k-means clusters, d), and e) show the deconvolution
of cluster 2, 3 and 4 respectively. A Lorentzian fit was used for multiple peak deconvolution.



bacteria as there is almost no A.naeslundii fluorescence present. This changes by 8 pum,
when A.naeslundii appears as shows high intensity in some biofilm clusters. Looking at
the composite images shows regions which are mixed, or small areas which are just one
species. At the top of the biofilm by 10 um, Figure 4.21d, there is little signal except

for some A.naeslundii fluorescence.

The FISH z-stacks have shown that for Day 1 2-species biofilms, S.salivarius forms
the base of the biofilm and A.naeslundii attaches on top. From this it can be deduced
that there is a greater amount of S.salivarius in the 2-species biofilm at this stage. This
supports the findings from the k-means clustering analysis, which shows spectra most
similar to that of S.salivarius biofilms at this stage. As the hyperspectral image is taken
at one fixed z-point, this point was likely to have been lower in the biofilm, at 5 pum
where S.salivarius is thriving, wheras if the image had been taken higher at 8 pm, the

k-means may have shown different spectra with more of a A.naeslundii contribution.

4.5.3 Day 5

4.5.3.1 Hyperspectral SRS

Hyperspectral k-means clustering analysis of Day 5, 2-species FISH biofilms, is seen in
Figure 4.22. This biofilm is not as thick as previous Day 5 biofilms, this is either due
to the nature of biofilm variability, or the fact the FISH process required many washing
steps which could have disrupted the biofilm. Nevertheless, the hyperspectral image in
Figure 4.22a shows dense regions of biofilm across the centre and top right, as well as
the individual bacteria throughout. The k-means clustering analysis in Figure 4.22b
- f divides this biofilm into spectral clusters which all have a very strong, narrow, 2902

cm ™! peak, and a very low intensity 2937 cm™!.

Cluster 1 (dark blue) covers a lot of the background, minimal matrix area on the
left of the image. This cluster for the first time only has the one CHy 2902 cm ~! peak,
and two CHz 2937 and 2956 cm ~!. There may be a decrease in the lipid content in

the matrix due to the lacking CHj contribution. Cluster 3 (yellow) covers the main part
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SRS z-stack S.salivarius (Cy3) A.naeslundii(Cyb) Composite
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Figure 4.21: Fluorescent in situ hybridisation (FISH) Day 1 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm™!, TPF of Cy3 S.salivarius (green),
TPF of Cy5 A.naeslundii (red) and the composite images. and SRS (green) + TPF (red)
composite (right). Each slice is 1 ym and taken at a) 0 ym, b) 5um, ¢) 8 um, and d) 10
pm. Cy3 ex/em: 1045/575 nm, Cy5 ex/em: 1220/660 nm. (Scale bar = 30 um).
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of the biofilm where individual bacteria is seen, and consequently has the greatest 2931
cm ™! protein contribution, which thus far has been shown to be associated with bacteria.
Cluster 4 (red) has the strongest, and narrowest, 2900 cm™' peak, showing the matrix
contribution across the main biofilm area. The z-stacks may provide more information

on how the species of bacteria at Day 5 contribute to this 2 species biofilm.

4.5.4 FISH Z-stacks

To see how the S.salivarius and A.naeslundii species are distributed within a Day 5
2-species biofilm, SRS and TPF z-stacks are shown in Figure 4.23 for a 100 pym stack.
Images are shown at 0, 15, 45, 80, and 100 um. As with Day 1, at Oum, Figure 4.23a,
S.salivarius is the only bacteria seen on the surface, nor is there any SRS signal. By 15
pm, Figure 4.23b, there is clear biofilm formation and areas of high density bacteria
where the individual strands of S.salivarius can be seen, which is also present in the
SRS. There is also now A.naeslundii present, in the main biofilm region, though the top

right corner of the image remains just S.salivarius.

In the middle of the biofilm at 45 um, Figure 4.23c, the density of both species
increases, with a particularly strong S.salivarius fluorescence signal along the inner edge
of the biofilm. The SRS image does not show this same detail, particularly along the
inner edge of the biofilm this region appears sparse and low intensity in the SRS. At 80
pm, Figure 4.23d, the area of biofilm grows larger, potentially indicating the biofilm
has taken on a 'mushroom’ like shape which is common with mature biofilms. This area
still shows clear bacteria contribution from both species. By 100 pm, Figure 4.23e,
at the top of the biofilm there is still a great amount of bacteria with the S.salivarius

species being easily identifiable.

FISH biofilms are an extremely valuable way of identifying multiple species within a
biofilm which compliments SRS. By utilising z-stack, the distribution and contribution
of each species of bacteria throughout the biofilm can be seen, and with enough precision
that individual species can be seen and identified. As with Day 1, S.salivarius is the

species that is seen at the base of the biofilm adhering to the surface, and from the images
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Figure 4.22: Hyperspectral SRS data of Fluorescent in situ hybridisation (FISH) Day
5 2-species S.salivarius and A.naeslundii Day 5 biofilms. a) Hyperspectral image, b) K-
means clustering colour map, Cluster 1 (dark blue), cluster 2 (light blue), cluster 3 (yellow),
cluster 4 (red), c¢) average Raman spectra of the 4 k-means clusters, d), and e) show the
deconvolution of cluster 1, 3 and 4 respectively. A Lorentzian fit was used for multiple peak
deconvolution.
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Figure 4.23: Fluorescent in situ hybridisation (FISH) Day 5 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm™!, TPF of Cy3 S.salivarius (green),
TPF of Cy5 A.naeslundii (red) and the composite images. and SRS (green) + TPF (red)
composite (right). Each slice is 1 ym and taken at a) 0 pm, b) 15um, ¢) 45 ym, d) 80 pm,
e) 100 pm, f) 130 pm. Cy3 ex/em: 1045/575 nm, Cy5 ex/em: 1220/660 nm. (Scale bar =
30 pm).
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Figure 4.23: Fluorescent in situ hybridisation (FISH) Day 5 2-species S.salivarius and
A.naeslundii biofilm showing z-stacks of SRS at 2930 cm™!, TPF of Cy3 S.salivarius (green),
TPF of Cy5 A.naeslundii (red) and the composite images. and SRS (green) + TPF (red)
composite (right). Each slice is 1 ym and taken at a) 0 pm, b) 15um, c¢) 45 pm, d) 80 pm,
e) 100 pm, f) 130 pm. Cy3 ex/em: 1045/575 nm, Cy5 ex/em: 1220/660 nm. (Scale bar =
30 pum).

may have a higher quantity of bacteria within the biofilm after 5 days. However, both
species thrive in the biofilm and although some areas show individual species clusters,

both species mix and grow together in the biofilm.

4.6 Conclusion

This chapter has shown that SRS and TPF can be used successfully to produce high-
resolution, detailed images and z-stacks of mono-species and 2-species biofilms, on chip.
This novel method of biofilm analysis looks at the CHy and CHjs peaks in the high
wavenumber region, which correspond to the lipid and protein contributions from the
bacteria cells and the matrix. Hyperspectral SRS provides a great amount of information
and there are numerous ways one could analyse and interpret this data, for example by
only selecting data from areas of interest, dividing the data into a grid, or by k-means
analysis. As this project was interested in comparing biofilms over time, and different
species types, a standardised method of analysis was required to ensure consistent anal-
ysis. After comparing different methods of analysis, k-means clustering analysis proved
reliable and sufficient to accurately present the hyperspectral data into 4 clusters and
their subsequent average spectra. Using multiple peak fitting to deconvolute the spec-

tra provided further information on the individual peak contributions to the spectra,
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allowing conclusions to be drawn about whether the region had high bacteria or matrix

contribution.

It was found that high contributions of the lipid CHy peaks, at approximately 2850,
2880, and 2905 cm ™! were associated with increased matrix contribution, whereas the
CH3 2937 cm~! protein peak identifies bacteria cells. Most spectra had contributions
from all peaks, therefore the relative intensities of each of them highlighted if a region
had high or low bacteria density, or matrix. S.salivarius biofilms were the only mono-
species biofilms to have spectra with a dominating 2905 cm™'. All biofilms grew thicker
and denser by Day 5, and had greater matrix contributions. The 2-species biofilms had a
similar spectral profile to the mono-species with all the expected peaks, though it is not

possible to identify the individual species with the hyperspectral spectra at this stage.

SRS and TPF z-stacks were complimentary tools that provided higher level of detail
about how the biofilms varied with height. To have a variable z-position, SRS was
taken at a fixed wavenumber, 2930 cm~! (CH3), therefore the stacks were able to show
the biofilm structure, individual bacterium, the matrix contribution, and indicate high
and low regions of bacteria density. TPF detects the autofluoresence of endogenous
fluorophores within the biofilm, and at ex/em 802(401)/550 nm these were specifically
flavins. Flavins are a part of the metabolic system, thus are found within bacteria and can
be secreted into the matrix. This allowed TPF to provide specific detail of the bacteria
location within the biofilm that was previously unseen in the SRS. These methods are
therefore perfectly complimentary, providing different information to show a complete
biofilm picture. It was noted that the peak TPF intensity always occurred slightly before
the maximum SRS intensity, therefore when using SRS to show the density of bacteria
at a point (using 2930 cm~! CHj peak as the marker), this did not directly correspond
to the z-position the TPF would find. This is not something that was important for this

work, but is worth noting.

Using TPF, it was shown that the highest density of bacteria is within the bottom
half of the biofilm, and for Day 1 A.naeslundii biofilms there was not a high density of

bacteria. However, the biofilms used in this project were fixed prior to analysis and it
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is known that dead bacteria cells have lower intensity autofluorescence. It is not known
for S.salivarius and A.naeslundii if the autofluorescence remains stable after death or
gradually decreases, and if this process is slowed down by being trapped within a biofilm.
TPF in this chapter was solely used as a location marker for the bacteria. Research has
shown that bacteria under stress have increased autofluorescence as they increase their
metabolism to try fight off any dangers [237]. Whether under stress, or just generally
undergoing fluctuations in the metabolism, detecting the autofluorescence of flavins can
be a useful marker to monitor the biofilm metabolism process and how this changes over
time, or with multiple species. In the future, this process colud therefore be repeated on

live biofilms in order to track the metabolism of multi-species biofilms.

Although TPF was used as a marker for bacteria location within the biofilm, a more
accurate method was using FISH S.salivarius and A.naeslundii within a 2-species biofilm
were fluorescently labelled with Cy3 and Cyb, respectively, and TPF taken. By seeing
the specific location and distribution of each species within the biofilm, it was found that
S.salivarius was always found at the base of the biofilm attached to the surface whereas
A.naeslundii was not. Furthermore, Day 1 biofilms were primarily S.salivarius bacteria,

though by Day 5 each species seemed equally present.

Combining multiple methods of analysis such as hyperspectral SRS, SRS and TPF
z-stacks, and FISH TPF, was able to provide a significant amount of detail about the
structure, architecture, bacteria density and distribution, and matrix contribution within
mono- and 2-species biofilms. In the future, experiments could be completed on live
biofilms on chip, so that the same biofilm would be analysed of time, and information

about the metabolic activity of the biofilm could be tracked with TPF.
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Chapter 5

Biofilm Treatment with
Microbubbles, Ultrasound and
IKS8

5.1 Work aims and motivation

Biofilms are notoriously stubborn, hard to penetrate, and less susceptible to antibiotics,
and with the rise of antibiotic resistance, new methods of treatments are being sourced.
Microbubbles and ultrasound have been shown to have a disrupting and damaging effect
on biofilms, and when combined with a therapeutic agent the damaging effect is only
increased [174, 249]. With the aim of providing an alternative to antibiotics, an anti-
microbial peptide is used in this work, which will be delivered via liposome, and combined
with microbubbles and ultrasound for the most impact. To date there are no reports
in the literature on the combination of antimicrobial peptides with microbubbles and

ultrasound.
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5.2 Biofilm growth

Biofilm growth reported in this chapter was performed using a 96-well plate, rather than
the previously described microfluidic device. The large number of experimental repeats
and testing conditions required for the optimisation of biofilm treatment made using the
microfluidic devices unfeasible for this work. A 96-well plate allowed for a simpler set-up
and high-throughput of experiments, before moving onto microfluidics once the optimal

treatment parameters had been determined.

5.3 Free IK8 against bacteria and biofilms

5.3.1 Minimum Inhibitory Concentration (MIC) and Minimum Bac-
tericidal Concentration (MBC)

The Minimum Inhibitory Concentration (MIC) values are a measure of the minimum
concentration of antimicrobial required to inhibit further bacterial growth. Depending

on the concentration, the bacterial effect may be bacteriostatic or bactericidal.

The MIC for TK8 against S.salivarius and A.naeslundii was determined by as the
IK8 concentration that showed no visual increase in turbidity or further visible growth
of bacteria. The results for both species can be seen in Figure 5.1 where the MIC
values are highlighted in red. IK8 concentration was tested in doubling dilutions from
200 - 1.56 pg/ml, and for S.salivarius and A.naeslundii the MIC value was determined
to be 100 pg/ml and 12.5 pg/ml respectively. These values were confirmed over three
experimental repeats. For wells with concentrations lower than these values, a visible
increase in turbidity was seen as well as some biofilm formation on the base of the well,
despite well plates shaking during incubation. Optical density measurements were also
taken to quantify the results, however due biofilm formation the results were unreliable

and discounted.

For the minimum bactericidal concentration (MBC), an antimicrobial may only be

168



Figure 5.1: The minimum inhibitory concentration (MIC) for S.salivarius (top) and
A.naelsundii (bottom) after 18 hours incubation with the antimicrobial peptide IK8. The
concentrations of IK8 for each well are shown at the top, in pg/ml. The red boxes show the
minimum inhibitory concentration identified for each species. Brain heart infusion (BHI)
wells were used as a control. Initial bacteria concentrations were 0.5 McFarland standard.

considered bactericidal if it kills > 99.9% of bacteria, or a 3-log reduction in viable cell
density, and is no more than 4 times the MIC value [59, 250, 251]. Once the MIC was
determined, 10 ul aliquots from each well were spread on agar plates to determine the cell
density, and see if the MIC value corresponds to the Minimum bactericidal concentration
(MBC). Figure 5.2 shows the cell density of both species after 18 hours treatment with
IK8. For both species the MBC matches the MIC. For S.salivarius the cell density
decreases to 0 at 100 pug/ml of IK8, and for A.naeslundii the cell density shows a 3-log
reduction at 12.5 pg/ml. The cell densities show an overall decrease with increasing
concentration, but remain within 1-log of each other up to the MBC where there is a

sharp drop.

The MIC and MBC are used across microbiology and clinical medicine with their val-
ues showing the susceptibility or resistance of a strain to the antimicrobial, and therefore
directly impacting the therapeutic strategy chosen for a patient. There are however some
limitations to the use of MIC and MBC, with the most obvious being that the test does

not account for the impact the patient’s body may have on the antimicrobial efficacy and
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Figure 5.2: Cell density (CFU/ml) of S.salivarius (orange) and A.naeslundii (green) after
18 hours incubation at 37°C with a range of IK8 concentrations .

is only specific to the inoculum used for testing, nor does it assess the difference between
planktonic bacteria and biofilms. There is no specific reason given for the 18-24 hour
time frame, and perhaps a longer incubation time could prove lower concentrations to
be bactericidal and not bacteriostatic [59]. There are also questions about the reliability
of MIC results as repeats of the same strain can vary by a 2-fold dilution [252, 253]. For
example an MIC of 2 ug/ml could actually be 1 or 4 ug/ml, thus providing unreliable
outcomes during treatment. The MIC and MBC are of course extremely valuable and
the best current methods for assessing and creating a standard for the effectiveness of
antimicrobials, but it should noted that the effectiveness in practice may vary from the

measured results.

5.3.2 Time-Kill Study
To compliment the MIC and MBC measurements, a time-kill study was undertaken to

determine how long it takes for the antimicrobial to take effect, and whether inhibitory

concentrations are actually bacteriostatic for short or long periods of time. Figure 5.3
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shows how the cell density (CFU/ml) of S.salivarius and A.naeslundii changes over 24

hours for a range of IK8 concentrations above and below the MIC.
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Figure 5.3: Scatter plots showing the cell density (CFU/ml) of a) S.salivarius and b)
A.naeslundii over 24 hours. Samples were incubated at 37°C with IK8 concentrations of 0,
25, 50, 100, 200 pug/ml and 0, 6.25, 12.5, 25, 50 pg/ml respectively.

For S.salivarius it is shown that IK8 takes effect after 1 hour incubation, causing
complete cell death for concentrations 100 and 200 pug/ml. For 25 pug/ml, IK8 initially
causes cell death as a 1-log reduction in cell density is seen after 2 hours, however cells
are revived and cell density increases from this point on. 50 ug/ml shows complete cell
death for 6 hours, but recovers after 24 hours. It is possible that at this concentration,
S.salivarius may go into a ”viable but not culturable” (VBNC) state. This is a survival
response bacteria have evolved to take when in stressful environments, which allows them
to remain alive and metabolically active, yet notculturable on media [254]. Once this
stress has been removed or no longer a threat, they can revive and proceed as ”normal”
culturable bacteria cells again . This data shows that for S.salivarius IK8 of 100ug/ml

and above are bactericidal.

Cell density results for A.naeslundii show that for 50ug/ml IK8, complete cell death is
seen after 2 hours, however only after 6 hours for 25ug/ml, suggesting that for this species
time dependence is an important factor in treatment. The MIC value of 12.5ug/ml
proves to be bacteriostatic, while 6.25 and Oug/ml show standard growth over 24 hours.
Considering both these results, a minimum of 2 hour IK8 incubation time should be
used when treating these bacteria simultaneously. For future biofilm experiments, a 3

hour incubation time was chosen as it was assumed the addition of extracellular matrix
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within the biofilm would slow down the IKS8 kill time, and a 24 hour incubation time

was also tested for comparison.

5.3.3 Free IK8 against 2-species biofilms

2-species biofilms were grown in well plates as described in Section 2.7.3 for 24 or
48 hours. To begin with 24 hour biofilms were used for IK8 testing but this was later
increased to 48 hours to represent a more mature biofilm. A.naeslundii is known to
grow slower than S.salivarius and experimentally has shown that a 24 hour biofilm
is dominated by S.salivarius, so the effect of IK8 on a 24 hour biofilm may not be

representative of a mature 2-species biofilm.

Biofilms were incubated with 2-fold dilutions of IK8 from 800 - 6.25 ug/ml, no IKS,

and with 1% Virkon as a positive kill control, for 3 or 24 hours.

5.3.3.1 Live/dead and crystal violet staining techniques

Live/dead (SYTO9/Propidium Iodiode (PI)) and crystal violet (CV) staining was used
as a method of quantifying biofilm viability and biomass after IK8 treatment. A plate
reader was used to take all measurements, and for fluorescent measurements a single
point well scan can be taken with the focus on the centre of the well, or a 9-point well
scan can be done where nice measurements are taken in a 3x3 grid across the well and
averaged to give the final value. It was noted that biofilm growth tended to be sparse
in the centre of the well and thicker around the edge of the well, a comparison of both
scan methods was first performed to see if a single point scan was able to provide a

representative reading across the well.

2-species S.salivarius and A.naeslundii biofilms were used to test these settings and
Figure 5.4 shows that a 9-point scan detects slightly more fluorescence but both show
the same overall trend, therefore a single point scan was deemed to be sufficient to

measure the fluorescence of well plate biofilms.
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Figure 5.4: Comparison of a single point scan (green) or 9-point well scan (orange) of
2-species S.salivarius and A.naeslundii biofilms, showing fluorescence of Propidium Iodide
stained biofilms after incubation with TK8 of concentration 0 - 400 pg/ml, and 1% Virkon.
Each concentration is an average of 6 wells. Ex/Em:535/617 nm.

The experimental procedure of staining biofilms with PI to quantify dead bacteria
was repeated twice, and did not prove as reliable as anticipated. It was expected that
the fluorescence values would increase with increasing cell death (IK8 concentration),
and show maximum fluorescence with 1% Virkon, which should kill the biofilm. While
the first repeat shown in Figure 5.5a does show a slight trend with overall increasing
fluorescence with IK8, the biofilm with no IK8 treatment still has a high fluorescence
intensity which is only one-third less than the Virkon sample. The overall increase in
intensity is low in comparison to that found in the literature, and the fluctuations across
the concentration ranges are inconsistent [2]. The second repeat in Figure 5.5b shows
no trend, and the validity is diminished by the fact the Virkon biofilms show the lowest
fluorescence when it should be the highest - regardless of whether the IK8 is having any
effect on the biofilms.

While this method of quantifying dead bacteria in biofilms has been followed before,
seemingly successfully, some literature suggests the use of PI in biofilms is unreliable. PI

only penetrates bacteria with damaged membranes and binds to nucleic acids, but the
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Figure 5.5: Two experimental repeats showing the florescence intensity of PI stained 2-
species biofilms after treatment with IK8. Ex/Em:535/615 nm.

presence of extracellular DNA (eDNA) and potentially eRNA, within the biofilm matrix
may cause false positive results and is a factor rarely mentioned or considered when used
to quantify the viability of a biofilm [255, 256]. Biofilms in well plates are also delicate
and despite being grown in the same conditions, being rinsed and treated with care,
biofilms may get disrupted and vary across the experiment, thus one sample may simply

have more biofilm than another and therefore have a higher fluorescence intensity.

To quantify biofilm biomass CV stain was used, and similar to PI, the results were
inconsistent across three experimental repeats, as shown in Figure 5.6. Compared to
biofilm with no IK8, often the results show a higher absorbance thus greater biomass.
IK8 may well be killing the bacteria, but dead cells remain incorporated within the
biofilm and contribute to the CV fluorescent intensity, skewing the results. This is the
main limitation of CV staining, and therefore is not a viable method of quantifying the

effectiveness of IK8 treatments.

5.3.3.2 Cell density quantification

As PI and CV quantification methods proved unreliable, a more robust method is to
measure the viable cell density (CFU/ml) of the biofilm after treatment by aspirating

the biofilm, spreading on agar plates, and counting the colony forming units by eye [257].
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24 and 48 hour 2-species biofilms were incubated with IKS for 3 and 24 hours. Neither
incubation time showed bactericidal effect on either biofilm, Figure 5.7. For the 24 hour
biofilm, a 3 hour incubation proved more effective as a reduction in cell density began
at 100 pg/ml with a 78% reduction and showed a maximum at 800ug/ml with a 96%
reduction. For a 24 hour incubation no substantial reduction was seen until 800 ug/ml
showing a 99.6% reduction in cell density. This suggests that within 3 hours 100 pg/ml
IK8 may start to take effect on biofilms, but if left to incubate for 24 hours the biofilm
could recover and start growing again. There may also be poor penetration of IK8 into
the biofilm which allows all remaining bacteria to recover and replicate over the 24 hour
period. Increased penetration, a higher concentration, or longer incubation periods could

all improve the efficacy of 1KS8.
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Figure 5.7: Figures showing the cell density (CFU/ml) of 2-species S.salivarius and
A.naeslundii biofilms at a) 24 hour and b) 48 hour biofilms incubated at 37°C with free
IK8 for 3 hours (orange) and 24 hours (green). Results are an average of 6 wells.

2-species biofilms grown for 48-hours are more mature, denser biofilms with increased
matrix contribution, therefore may respond differently to IK8 treatment. For biofilms
incubated with IK8 for 3 and 24 hours, a decrease in cell density is only seen to begin
at 400 ug/ml, however cell density increases again when IK8 is incubated for 24 hours,
showing that IKS8 is not able to inhibit the growth of biofilms for 24 hours. Compared
to biofilms grown for 24 hours, 48 hour biofilms require a higher concentration of IK8 to

induce cell due to the increase in extracellular matrix limiting IK8 penetration.
Cell density results show that free IK8 is not enough to cause any bactericidal effect
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on 2-species biofilms, likely due to the inability to penetrate through the complex matrix
- a problem well known with antibiotics. The efficacy of IK8 on planktonic bacteria was
well demonstrated in Section 2.7, therefore IKS itself is an ideal candidate in tackling
antimicrobial resistance but faces the same challenges as antibiotics. An effective method
of increasing antimicrobial uptake and penetration into the biofilm is to combine IK8
delivery with liposomes, microbubbles (MBs) and ultrasound (US). MBs and liposomes
are used as a delivery vehicle for IK8 which can be released on demand with US, ensuring
site specific delivery. Furthermore, the cavitation effect of MBs and US have been
shown to disrupt and damage the surface of biofilms, increasing the therapeutic effect
on biofilms [258, 259]. Longer incubation periods of IK8 only allowed the biofilm to
recover and proliferate, therefore multiple rounds of IK8 treatments (with MBs and US)
for short incubation periods may have a more successful bactericidal effect on 2-species
biofilms. For the remainder of this chapter, 2-species biofilms grown for 24 hours are

used in experiments.

5.4 Liposome Formation

5.4.1 Liposome fabrication

Liposomes contain Diyne-PC - a phospholipid containing photo-polymerisable diacety-
lene fatty acids. Liposomes which have been partially polymerised under UV have been
shown to help with liposome stability, and also have the added benefit of being Ra-
man active which offers the potential to track the encapsulated drug in a label free
way [260, 261]. Both liposomes with and without Diyne-PC were used in the following

experiments.

Liposomes were formed via extrusion as per Section 2.5.1. There were some prob-
lems that occurred during extrusion, such as loss of sample, and filters getting blocked
making it impossible to push any sample through. This was the case for both liposomes
with and without Diyne-PC. To prevent the sample leaking out of the block during ex-

trusion, the syringes were replaced and when attaching to the block were twisted into
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place to ensure complete attachment. This managed to solve the leakage problem.

Blockages and difficulty pushing through the sample began to occur every time lipo-
somes were made. Firstly the sample was checked before extrusion to ensure the lipids
were completely resuspended and no large clumps were visible which could cause block-
ages - this never appeared to be a problem. The metal extrusion block was pre-heated
for longer so that it was definitely above the T,, of the lipids (55°C), and instead of
just using a 400 nm filter, a 800 nm filter was first used to remove any large vesicles
and aggregates which could cause blocking of the 400 nm filter. This approach did help
to make extrusion easier. There was still quite large resistance when extruding, which
may just be the nature of the lipids used, so the best approach was to push the syringes

slowly which yielded a smooth and consistent batch.

Liposomes were stored a 4°C until needed. Dynamic light scattering (DLS) and
particle-tracking were used to measure the size and concentration of the samples. Lipo-
somes were approximately 106 nm in size and had a concentration of 2x 103 particles/ml,
though the sample is poly-disperse with small concentrations of particles ; 200 nm,as

shown in Figure 5.8.
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Figure 5.8: Example of a graph from particle tracking data used to find the concen-
tration and size of Diyne-PC liposomes extruded at 60°C. Lipid mixture of DPPC:Diyne-
PC:Cholesterol:Peg-2000 (molar ratio 32.5:32.5:30:5). The red shaded region shows the error.
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5.4.2 Diacetylene Cross-linking

5.4.2.1 UV Polymerisation

Diacetylene, or Diyne-PC, polymerises at 254 nm, shifting from a blue to a red state,
and corresponds to a visible colour change in the liposome sample from ’white’ to 'red’.
As this is a topochemical reaction were the monomers must be aligned in a crystalline
lattice, the level of polymerisation is dependent on the packing of the monomers, as well
as the amount of irradiation [262]. One crucial aspect of Diyne-PC is that the photo-
sensitivity is dependent on its thermal history, such that it will lose sensitivity when
heated above the transition temperature (> 40°C') and remain insensitive even when
returned to room temperature, but will regain sensitivity when cooled to near 0°C [263].
Cooling the liposomes at 4°C for at least 10 minutes prior to UV exposure was therefore
found to be a crucial part of the protocol. Without this step, no polymerisation would

occur which was instantly noticeable as there would be no colour change in the sample.

A range of UV exposure times were tested and polymerisation quantified with UV-Vis
and Raman Spectroscopy, as shown in Sections 5.4.2.2 and 5.4.2.3 respectively. The
aim for these liposomes was to achieve partial polymerisation which would be enough
to aid in the stability of the bilayers and drug encapsulation, as research by Guoting
Qin et al and Megha Goshi et al has shown, and also provide the distinct Raman signal
[260, 264, 265]. Full polymerisation can have the opposite effect on stability, and has been
used for triggered release from liposomes as the Diyne-PC phospholipids create pores in
the bilayer releasing the encapsulated contents. Diyne-PC is thought to self assemble
and create aggregates in the bilayer which shrink and cause defects in the membrane

upon polymerisation, releasing the contents of the liposome [266-268].

5.4.2.2 UV-Vis Absorbance

Upon polymerisation of Diyne-PC, the absorbance peaks shift from blue to red state,

showing an increase in peaks at 495 and 525 nm and decrease in peak at 600 nm, due
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to the relaxation of the polymer backbone and shortening of the effective m conjugation
chain length. It was anticipated that over exposure of UV could cause photodegredation
damaging the chemical bonds. This is shown by a decrease in the absorption (and

Raman) peaks, which is beginning to occur at the 90 min 525 nm peak in Figure 5.9.
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Figure 5.9: Absorbance spectra of Diyne-PC liposomes after 15-90 minute UV (254 nm)
exposure. 0 minute UV exposure showed no absorbance peaks and was thus subtracted from
all spectra as a baseline.

5.4.2.3 Raman spectroscopy

Raman spectra of Diyne-PC show an increase in C=C and C=C bonds after polymerisa-
tion, corresponding to Raman peaks at 1510 and 2110 cm™ 1 respectively. These peaks lie
within the ’silent region’ of biological Raman spectra, making them very clear, noticeable

peaks [269].

The Raman intensity of Diyne-liposomes exposed to UV for varying lengths of time
is shown in Figure 5.10. It was expected that longer polymerisation would show as in-
creased Raman intensity, however the results show 15 minutes as the maximum intensity,
after which the overall intensity decreases yet consistent fluctuations are seen, which has

not been seen in the literature thus it is unlikely to be of true significance. The decrease
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in Raman intensity could be due to the degradation of some polymer chains, which are
then replaced after after another 15 min polymerisation causing an increase in intensity

again.
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Figure 5.10: Figures showing a) the Raman spectra for Diyne-liposomes irradiated for 0-90
mins, b) scatter plot showing the intensity for 1511cm?® (black) and 2110 cm! (red)for UV
exposure time
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5.5 Fluorophore Leakage Assay

5.5.1 Calcein characterisation and self quenching

A fluorophore leakage assay is a standard method of assessing the passive leakage from
vesicles by encapsulating a fluorophore such as calcein, which self-quenches at high con-
centrations, but then fluoresces as it is released from the vesicle at low concentrations

(Figure 5.11).
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Figure 5.11: Calcein calibration curve demonstrating the self quenching behaviour at high
concentrations. Calcein dissolved in PBS at room temperature.

5.5.2 Problems and troubleshooting

A standard protocol was followed as described in Section 2.5.2; and successfully demon-
strated in similar work by J. Tinkler and S. Moorcroft , however unexpected problems
arose[2, 4]. In order to keep calcein in solution at high, self-quenching, concentrations
of NaOH was added, raising the pH to 12. When this calcein solution was added to
the lipids to re-hydrate, the lipids would clump and become gel-like. Fresh lipids and
calcein were also tested, and the fluorophore changed to carboxyfluorescein (another
commonly used fluorophore assays), but the problem still persisted. The high pH of the
calcein solution was found to be the problem, but reducing the pH would cause calcein

to fall out of solution. There is no literature mentioning this problem, or how to achieve
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self-quenching calcein at pH 7 despite it commonly being used. This problem is also
potentially specific to DPPC lipids, as J. Tinkler and S. Moorcroft both used DSPC as
the primary lipid component (all other factors in the protocol were the same) and found
no problems with this assay. DPPC lipids were used in this thesis as previous work
with L. Marsh, a collaborator at the University of Oxford, had used DPPC:Diyne-PC
liposomes. The same liposome protocol was used (and slightly modified) for work in this
thesis as experiments during that collaboration had shown successful UV polymerisation

and Raman effects with the DPPC:Diyne-PC lipid composition [270].

Due to time limitations and prioritising experiments, this assay was never completed.
In future work, DPPC could be replaced with DSPC, or the problem with pH could solved
by reversing the assay so that a decrease in fluorescence is measured during leakage by
encapsulating calcein in a fluorescent state which is then quenched upon release by cobalt

chloride [271].

5.6 IKS8 Loaded Liposomes

5.6.1 Encapsulation efficiency

The amount of IK8 encapsulated within liposomes was quantified using HPLC. Lipo-
somes were prepared with and without Diyne-PC for comparison at a concentration of
5.5x10'2 /ml and size of 110 £12 nm, lysed with 1% Triton-X, and diluted 5 times for
analysis, as described in Section 2.6.5. The chromatographs for liposomes with and
without Diyne-PC show a small IK8 peak after 1.6 and 1.8 mins, which can be seen
in Figure 5.12a and b respectively. The large peak at 4 mins is due to the presence
of Triton-X in the sample. The area under the IK8 peaks was calculated and the IK8
encapsulation was found to be 31.8 ug/ml for diyne-liposomes and 205.92 pg/ml for no
diyne liposomes, taking into account sample dilution and injection volume. This corre-
sponds to an encapsulation efficiency of 0.64% and 4.12%, respectively. For non-diyne
liposomes, this is lower than the IK8 encapsulation efficiency found by J. Tinkler, 5.9%,
both of which are considerably lower than that found by S. Moorcroft, 15% (despite the
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conditions for J. Tinkler and S. Moorcroft being exactly the same) [2, 4].
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Figure 5.12: HPLC chromotographs showing IK8 peaks for a) Diyne-liposomes (1.651 min)
and b) no diyne liposomes (1.812 min).The large peak at 4 mins is Triton-X.

Liposomes with Diyne-PC have a much lower encapsulation efficiency, likely due
to IK8 leaking out of the liposome. When forming the lipid bilayer during liposome
formation, it has been shown that rather than DSPC and Diyne-PC assembling in a 1:1
formation, it is more likely that Diyne-PC will form clusters, thus during polymerisation
these bonds shrink and creating pores in the bilayer, releasing its contents. This is the
mechanism for triggered release therapeutics, however it was anticipated during these
experiments that a UV exposure of 15 mins was long enough to partially polymerise
and provide added stability to the liposomes, however 15 mins may prove too long.
Going forward liposomes without Diyne-PC were used in biofilm treatment experiments

to maximise the deliverable amount of 1K8.

5.7 Biofilm Treatment with Microbubbles, IK8 Liposomes
and Ultrasound

Free IK8 treatment of 2-species biofilms was previously shown in Section 5.3.3 to start

taking effect at 100 pug/ml and show a maximum of a 1-log reduction in cell density at

800 pg/ml with a 3 hour incubation period. The effectiveness of IK8 against biofilms
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would be increased if it could penetrate further into the biofilm. MBs and US are
increasingly being used for biofilm treatment and drug delivery due to the sonoporation
effects damaging the surface of the biofilm and allowing for deeper penetration and
delivery of drugs into the biofilm [175, 259]. Ultrasound alone has shown to break down
the biofilm, so combined with microbubbles and ultrasound, it is hypothesised that the

effectiveness of IK8 will be increased.

IKS8 is a peptide which is degraded by enzymes in the blood, so loading it into a
liposomes is a way of protecting the peptide and safely delivering it to the intended
site. As this thesis is working on oral biofilms, an area of the body which is directly
accessible, the degradation of IK8 may not be an issue in practice, though bleeding
gums are a common issue with poor oral health. Despite this, using a loaded liposome
to deliver the IK8 may have the added benefit of extra sonoporation effects on the
biofilm, and US may propel the liposomes further into the biofilm allowing for deeper
delivery. Liposomes in these experiments are not attached to the MBs, however this is
an option and allows for specific targeted drug delivery. In the following experiments
2-species biofilms were grown for 24 hours in well plates, and the following treatment
conditions were compared: untreated, MBs+US, free IK8 4+ US (1 treatment), free
IK8 + US (3 treatments), IK8 Liposomes+MBs+US (LMBUS) (1 treatment), LMBUS
(3 treatments), 1% Virkon (positive kill control). Three analysis methods were used:
Live/Dead stain for confocal z-stack images and fluorescent intensity measurements to
quantify dead cell death, crystal violet stain to quantify biomass, and agar plates to

measure cell density (CFU/ml).

5.7.0.1 Microbubble production

MBs (DSPC:Peg-2000, 95:5 mol) were prepared as described in Section 2.4 via me-
chanical agitation no more than 30 minutes before biofilm treatment. Images of MBs
were taken to assess their size and concentration, which was determined using MATLAB

code, examples of which can be seen below in Figure 5.13. Previous work by J. Tinkler

had found that a MB concentration of 5x 10® ml~! and 2 seconds of US at 2.25MHz,
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would achieve 94% MB destruction in well plates, anything higher would only achieve
89% and show visible MB clustering [2]. For all biofilm treatments, MBs were therefore
diluted so that the final concentration in the well was 5x108ml~!. The average MB size

was 1.5-2 pm.
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Figure 5.13: a) Example image of MBs (DSPC:Peg-2000, 95:5 mol) taken with 40x obj,
diluted 25 times, b) histogram showing size distribution and concentration of the MB
sample.(1.55um, 4.9x10°MB/ml). Sample taken 15 minutes after MB production.

For biofilm where 3 repeat treatments were required over 3 hours, the same sample
of MBs was used. MB stability was measured over the course of 4 hours to ensure MBs
were of consistent sizing and concentrations. Figure 5.14a shows the concentration
remains approximately stable over 4 hours at around 1x10° MB/ml, and while Figure
5.14b shows the MB size also remains at approx 1.5um, the standard error doubles by
hour 4. The size and concentration within 3 hours was deemed consistent and acceptable

for the same sample of MBs to be used for repeated treatments.

5.7.0.2 Liposome deliverable dose of 1K8

From the previous HPLC results in Section 5.6.1, it was found that 1 ml of liposomes
at concentration 2 x10'3/ml, size 106 nm containing no Diyne-PC, encapsulated 206
pg/ml of TKS8 - this represents the maximum deliverable dose possible. When free TK8
was incubated for 3 hours with 24 hour biofilms, a decrease in cell density started to

happen at a concentration of 100 pg/ml (Section 5.3.3.2), thus a deliverable dose of
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Figure 5.14: MB stability showing a) the concentration and b) the size over 4 hours, with
error bars showing the standard error. MB lipids: DSPC:Peg-2000, C4F,0 gas core, room
temperature.

100 pug/ml IK8 was anticipated to be sufficient to have an effect when combined with

MBs and US, and maximised sample usage across all experiments.

5.7.0.3 Biofilm Treatment

2-species biofilms grown for 24 hours were exposed to 7 different treatments: untreated,
MB+US, Free IK8 + MBs (x1), Free IK8 (x3), liposomes, MBs and US (LMBUS) (x1),
LMBUS (x3), or 1% Virkon. Free IK8 on biofilms was already tested and shown in
Figure 5.7 to have a 78% reduction in cell density. Free IK8 + MBs was not included
as a control in this experiment to save time and resources as this scenario would be
unlikely to ever be used in clinic. For all experiments, the total dose of IK8 delivered to
the biofilms was 100 pug/ml. For liposomes, the total dose encapsulated and delivered to
the biofilm was 100 pg/ml, assuming all contents were released (which may not be the
case). It has been demonstrated that multiple treatments of IK8 and MBs + US can
have a greater impact than a single exposure, and multiple rounds of treatment is more
clinically representative [2]. Some biofilms had one exposure and were incubated for 3
hours, while some had 3 exposures within the 3 hour incubation period - one every hour.

The IK8 incubation period between each exposure is shorter (only 1 hour) but this is
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expected to be offset by the benefit of multiple exposures.

The cell density of biofilms post treatment were counted and results of one experi-
mental repeat (average of 3 wells) are shown in Figure 5.15. Free IK8+MBs+US shows
the greatest decrease in cell density of all treatment methods, 62%, though there is no
difference between 1 and 3 exposures. This is less than the 78% reduction in cell density
reported in Section 5.7 for 100 pg/ml free IK8, but is within the range of the standard
deviation. There is no expected reason that MBs and US should have a negative effect
on free IK8, thus it would be expected that if the MBs+US had no effect, the free IK8
would still obtain similar results to those found previously. One exposure of LMBUS
shows no change in cell density compared to the untreated wells, but shows a small
decrease after 3 exposures, however this is approximately the same reduction as just
MB+US. LMBUS appears to have the least effect of all treatment methods, potentially
due to IK8 not being released from the liposomes or having enough time to treat the

biofilm.
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Figure 5.15: Cell density (CFU/ml) of biofilms after no treatment, MB+US, Free
IK8+MBs+US x1 exposure, Free IK84+MBs+US x3 exposure, liposomes+MBs+US (LM-
BUS) x1 exposure, LMBUS x3 exposure, 1% Virkon.

Confocal images of live/dead stained 2- species 24 hour biofilms were taken after
each treatment to visualise the effect of IK8 and MBs+US. Figure 5.16 shows z-stack

images of control biofilms: untreated and treated with 1% Virkon. Untreated biofilms
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were dominated by live (green) bacteria with some areas of dead cells as expected, while

those treated with Virkon are mostly dead (red).

(a) (b)

(©) (d)

Figure 5.16: Confocal images of Live (green)/Dead (red) stained 2 species biofilms after
treatment. Untreated biofilms (a,b) and treated with 1% Virkon (c,d). Z-stack images taken
on 100x oil objective, 115x115x20 pm. b) and d) show the top of the biofilm z-stack. Biofilms
grown for 24 hours.

Images after MB+US treatment can be seen in Figure 5.17 a) and b). There is
an increase in dead bacteria compared to untreated biofilms, but shows a similar profile
to Free IK8+MBs+US 1x exposure, in Figure 5.17 ¢) and d). Free IK8-+MBs+US
3x exposure in Figure 5.17 e) and f) shows an increase in dead bacteria in a more
uniform layer across the surface of the biofilm. The repeated exposure may help damage

the biofilm and break down larger aggregates into smaller free bacteria.
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Figure 5.17: Confocal images of Live(green)/Dead (red) stained biofilms after treatment.
MBS+US (a,b), Free IK8+MBS+US x1 exposure (c,d). Free IK8+MBS+US x3 exposure
(e,f). Z-stack images taken on 100x oil objective, 115x115x20 pm. b), d) and e) show the
top of the biofilm z-stack.
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Figure 5.18: Confocal images of Live(green)/Dead (red) stained biofilms after treatment.
LMBUS x1 exposure (a,b), LMBUS x3 exposure (c,d). Z-stack images taken on 100x oil
objective, 115x115x20 um. b), d) show the top of the biofilm z-stack.

Similar to the images of Free IK84+MBs+US x3 exposure, both LMBUS x1 and x3
exposure show a layer of dead bacteria on the top of the biofilm Figure 5.18. LMBUS
x1 exposure appears to have a significant amount of dead bacteria on its surface, which
is contrary to the cell density results which found there was relatively no change in cell
density compared to untreated biofilms. The image also shows more dead bacteria than
LMBUS x3 exposure, which the cell density results showed had a greater decrease, i.e
more dead. Dead bacteria from LMBUS x3 exposure may have detached and washed

away during the rinsing process before imaging.

Confocal imaging is a useful tool in visualising the how different treatments effect
biofilms, however on its own is not enough to quantify dead bacteria or accurately claim
the resulting effects. Multiple images were taken across each biofilm and the images

presented for this work were deemed a good average representation of the biofilm.
A third method of quantification was to measure the biomass after crystal violet
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Figure 5.19: CV absorbance at 570nm for biofilms after no treatment, MB+US, Free
IK84+MBS+US x1 exposure, Free IK8+MBS+US x3 exposure, LMBUS x1 exposure, LM-
BUS x3 expsure, 1% Virkon. The results are the average of 3 wells from 1 experimental
repeat.

staining. As with previous experiments, the results, shown in Figure 5.19, are incon-
sistent and show no trend, particularly as the untreated biofilm is showing a much lower
biomass than the treated biofilms. For these experiments where a pre-existing biofilm is

being treated, CV staining is not a useful method of analysis.

One of the limitations of this experiment is that US was applied to the biofilms from
underneath as this was the only feasible way using a well plate. Applying US from above
would force the MBs down towards the surface of the biofilm, rather than away from the
surface as carried out here. For MBs to have the greatest impact on a biofilm research
has shown that the distance between the MB and biofilm surface should be no more
than 0.68 the diameter of the MB, thus approx 1um in this case [161]. Although US was
applied immediately after MBs were added, MBs will rise thus reducing their impact
on the biofilm. Having targeted MBs which bind to the biofilm would be extremely
beneficial and increase the biofilm disruption from MBs alone, as well as potentially

increase IK8 uptake.
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5.8 Chapter Conclusions

This chapter has explored how antimicrobial peptides such as IK8 can be used as an
effective treatment against 2-species biofilms, and how using a delivery system of lipo-
somes, microbubbles and ultrasound may increase cell death. This is the first report
of using the synthetic IK8 peptide against 2-species biofilms, and the first method of
using liposomes, MBs and US as a treatment for oral biofilms. The effect of IK8 on both
planktonic species was first assessed by finding the MIC and MBC: 100 and 12.5 ug/ml
(MIC), 100 and 25 pug/ml (MBC) for S.salivarius and A.naeslundii respectively, and
a time-kill study found IK8 had a bactericidal effect after 2 hours. Once it was found
that TK8 was successful in treating planktonic bacteria, IK8 was incubated for 3 or 24
hours with 2-species biofilms (of either 24 or 48 hour growth). Counting the cell density
(CFU/ml) of biofilms after treatment was found to be the best method of quantification,
as fluorescent intensity of propidium iodide (dead bacteria) and CV staining proved un-
reliable. TK8 treatment of biofilms incubated for 3 hours had the best results, showing

a maximum of a 1-log reduction at 800 pg/ml, though a decrease began at 100 ug/ml.

Combining loaded liposomes, microbubbles and ultrasound has been shown to dam-
age the surface of biofilms and increase the penetration of antimicrobials into the biofilm,
so the next part was to compare the effect of different treatment methods on 2-species
biofilms. Liposomes with Diyne-PC in the bilayer increased leakage of IK8 due to the
pores created in the bilayer during polymerisation, thus standard liposomes without
Diyne-PC were used and had an encapsulation efficiency of 4.6% or 206ug/ml of TKS8.
This encapsulation efficiency is quite low and in future works should be investigated
further. The deliverable dose of IK8 to each biofilm via liposomes was 100 pg/ml. It was
found that free IK8+MBs+US had the greatest decrease in cell density after treatment
(62%), however there was no difference between 1 or 3 exposures, and this is less than
the 78% reduction found previously from free IK8 on biofilms. LMBUS after 1 exposure
showed no change in cell density compared to untreated biofilms, while after 3 exposures
a 35% decrease was seen. Confocal images showed similar trends, interestingly showing

that both after free IK8+MBs+US x3 and LMBUS treatments there was a layer of dead
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bacteria on top of the biofilm, suggesting an increase in breakdown of the biofilm at the

surface.

The results of cell density show that incorporating a MBs + US into the delivery
system does not increase bacterial cell death within the biofilm. While it is still be-
lieved and proven that MBs and US does have a positive impact on biofilm treatment,
more research and an improved experimental set up is required to obtain these results.
Treatments were limited by the application of US from below, lack of MB binding to the

surface, and still relatively low encapsulation of IK8 into liposomes.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

The aim of this work was to use microfluidics as a biofilm growth method to characterise
multi-species oral biofilms over time using Raman spectroscopy (RS), and to offer an
alternative to antibiotic treatment using microbubbles (MBs), ultrasound and antimi-
crobial peptides. The 2-species oral biofilm was used in this thesis as a model to test
the capabilities of RS as a non-destructive method of real-time biofilm analysis, and the
effectiveness of MBs as a treatment option. Oral biofilms, if left untreated can lead to
periodontitis which is a significant public health problem, though perception of this is
still relatively low. Periodontitis affects over 1 billion people world wide, creating a large
economic burden, social inequalities, and is linked to many non-communicable diseases
such as diabetes mellitus, cardiovascular disease, Alzheimer’s, and adverse-pregnancies
[272]. Generally, periodontal diseases can be controlled first and foremost with good oral
hygiene habits, regular tooth cleaning and plaque removal via scaling and root polishing.
Nevertheless, greater understanding of oral biofilms is therefore pivotal in combating this
pubic health concern so that pathogenic biofilm formation can be prevented, or subse-
quently caught in the early stages so treatment, where necessary, can be started as soon

as possible. Most current methods of biofilm analysis are destructive and do not allow for
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real-time characterisation of the same biofilm over time, therefore RS and microfluidics

is presented here as a new alternative method.

Biofilms are difficult to treat, being up to 1000x less susceptible to antibiotics than
planktonic bacteria, often requiring mechanical removal particularly in the oral cavity
where biofilms form dental plaque [16]. Antimicrobial resistance is another public health
concern making the treatment of biofilms more difficult. Over exposure and misuse of
antibiotics are causing a rapid increase in resistant strains of bacteria, therefore alter-
native methods of treatment are being sought as a result. MBs and ultrasound have
already been shown to aid in biofilm destruction and removal and when loaded with
therapeutic antimicrobial peptides, MBs can be used for site specific drug delivery and

biofilm treatment [2, 172].

The work described in Chapter 3 develops a method of growing S.salivarius and
A.naeslundii 2-species oral biofilms, under constant flow, using microfluidic devices. By
using microfluidics, these biofilms could be analysed every day for 5 days using spon-
taneous RS. The microfluidic growth system was initially designed using a piezo-pump,
making the system small and compact and able to fit inside an incubator. However,
the piezo-pump was not able to withstand the low flow rates (and subsequent high back
pressures) required, therefore a syringe pump was used to drive the flow, proving consis-
tent and reliable. The final microfluidic design was simplified to a straight channel with
two inlets, one for constant media flow and one for bacteria injection (and any other
additions such as fluorescent stains or buffer). Air bubbles were the one main factor
that had the potential to disrupt the biofilm growth. These were kept to a minimum by
removing any bubbles via the injection loop, and ensuring all media were at 37°C prior
to injection on chip. Nevertheless, some air bubbles were still present, likely due to air

seeping in through the connecting taps.

RS was able to successfully compare and identify planktonic S.salivarius and
A.naeslundii via individual peaks and principle component analysis (PCA). S.salivarius
had distinct peaks at 850, 980, 1414 and 1604 cm™!, compared to A.naeslundii with

distinct peaks at 748, 1127 and 2850 cm~'. Following planktonic analysis, RS was used
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on chip to analyse mono- and 2-species S.salivarius and A.naeslundii biofilms over the
course of 5 days. For each biofilm significant peak intensities were tracked over time,
showing for S.salivarius biofilms the greatest increase in DNA, proteins and lipids were
seen between Day 3 - 5. For A.naeslundii this was seen between Day 4 - 5. When sub-
tracting the planktonic spectra from the mono-species to just identify the extracellular
matrix components, both species had a clear peak at approximately 2905 cm™! which
could be used henceforth as matrix identifier. S.salivarius had additional peaks at 2850
and 2881 cm ™!, unique to the matrix of this species. Both species lacked the 2937 cm™*

peak which was present in planktonic, therefore the CHz 2937 cm™! protein peak is

considered to signify the bacterial cells in the biofilm.

Linear discriminant analysis (LDA) was used to compare 2-species biofilms at Day
1, 3 and 5, and to mono-species biofilms. Day 1 2-species biofilms are distinct from Day
3 and 5, which are very similar with increased DNA, lipid and protein contributions -
as expected from the matrix. When comparing 2-species biofilms to mono-species, it
is clear from the LDA that 2-species biofilms are not simply the sum of the individual
mono-species biofilms. The 2-species biofilm has unique characteristics due to inter-
species interactions, which causes a separation of the biofilm LDA clusters. The LDA
results suggest the Day 1 2-species biofilm is most similar to S.salivarius, whereas by
Day 5 the biofilms shows features of both species with LD1 and LD2 positive loadings
showing peaks at 600 - 750, 747, 1003, 1000 - 1100 and 2960 cm™".

A limitation of the work in Chapter 3 was that the results were an average of RS
across the whole biofilm, and didn’t consider the variations that occur within the biofilm.
Furthermore, spontaneous RS has limited spatial resolution, long acquisition times, and
mapping of areas proved unreliable due to drift. Therefore another RS method, Stimu-
lated Raman Spectroscopy (SRS), was pursued in Chapter 4 which was able to provide
high resolution hyperspectral SRS images, SRS z-stacks, and two-photon fluorescence
(TPF) z-stacks of biofilms at a fraction of the time of spontaneous RS. This novel method
of on-chip biofilm characterisation compared the high wavenumber region, 2740 - 3084
cm™!, for mono- and 2-species biofilms at Day 1 and 5, though samples were fixed in

advance of transport to the University of Exeter where experiments took place.
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SRS provides a great amount of data which can be presented in numerous ways.
For consistency of analysis across datasets, k-means clustering proved a reliable and
time efficient method of hyperspectral analysis and is thus recommended for this style
of biofilm analysis. By comparing k-means clusters for each biofilm species on Day 1
and 5, along with the SRS hyperspectral images, both species demonstrated 2937 cm™!
is a marker of bacteria cells in the biofilm. S.salivarius in particular had more peaks
associated with the matrix, notably CHy 2850, 2881, and 2905 cm™!, and had areas of
biofilm that appeared to be just matrix and no bacteria. 2-species biofilms on Day 1
demonstrated similar spectra features to S.salivarius biofilms, and even showed areas
of biofilm which appeared to be just S.salivarius, showing a domination of this species
on Day 1. Though SRS was not able at this stage to confidently locate individual
species within the 2-species biofilm, fluorescent in situ hybridisation (FISH) biofilms were
also analysed which showed the distribution of each fluorescently labelled species within
the biofilm, and confirmed that on Day 1, 2-species biofilms appears to be S.salivarius
dominant. SRS and FISH analysis also demonstrated that by Day 5, 2-species biofilms
are thick and densely populated with both species, and have high density regions along
the outer edges of the biofilm closest to the nutrients. The visual images SRS provides
along with the spectra provides great information and helps visualise how the biofilm

may be evolving and changing over time.

TPF was also used as a complimentary tool in visualising the bacterial species within
the biofilm. TPF located the autofluorescence of flavins, which are a part of the metabolic
process, and located within the bacterial cell, though have been shown to secrete into
the matrix. As the biofilms were fixed, it was not possible to use the autofluorescence
to understand the more about the metabolic process of the biofilm and how it changes
with growth or species development, therefore in this chapter the fluorescence was just
used to locate the bacteria. Furthermore, it is known that the autofluorescence of dead
bacteria is lower than live, but it was unclear how this changed for S.salivarius and
A.naeslundii specifically, and whether bacteria embedded within the matrix maintained
their fluorescence better than those exposed on the surface. Nevertheless, TPF was

an valuable method of biofilm analysis, and supported SRS z-stacks and FISH results
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showing that the greatest density of bacteria is found in the bottom half of the biofilm.

Chapter 5 explores using MBs, US and synthetic antimicrobial peptides (IK8) as a
novel method of treating 2-species oral biofilms. Individually, MBs, Ultrasound (US) and
IK8 have been shown to effectively treat biofilms and have a bactericidal effect, however
the work in this chapter needs optimising to have similar results. IK8 was demonstrated
to work against planktonic S.salivarius and A.naeslundii, having a MIC of 100 and 12.5
pg/ml and MBC of 100 and 25 pug/ml, respectively. The bactericidal effect occurred after
2 hours incubation. For IK8 testing on biofilms, biofilms grown for 24 hours were used
and cell density quantification was the preferred method of analysis. It was found that
biofilm incubation with IK8 for 3 hours had the best results, showing a 1-log reduction
at 800 pg/ml. This however, does not achieve the 3-log reduction required for something
to be considered bactericidal. Combining IK8 with MBs and US, and loading IK8 into

liposomes was thought to increase this effect.

Initially, Diyne-PC liposomes were trialled as it was thought the Raman properties
of Diyne-PC would allow tracking of the liposomes once they had been applied to the
biofilm. This would show details on how well liposomes and MBs attach and penetrate
the biofilm surface. While in some instances this may have worked, Diyne-PC liposomes
had a much lower encapsulation efficiency of IK8 compared to liposomes with no Diyne-
PC, likely caused by the polymerisation of the polymer causing pores in the bilayer.
Liposomes with no Diyne-PC were therefore used, but still only reached an encapsulation
efficiency of 4.6%, or 206 ug/ml of IK8. The maximum deliverable dose for encapsulated
liposomes ws 100 pg/ml. Treatment of biofilms included: untreated, free IK8, free
IK8+MBs+US (1x and 3x exposures), IK8 liposome+MBs+US (1x and 3x exposures)
(LMBUS). It was found that free IK8+MBs+US produced the greatest decrease in cell
density, 62 %, but there was no difference between 1x and 3x exposures. Confocal
images showed after treatment a layer of dead bacteria on the biofilm surface, showing
the destructive effect of the treatment. The treatment results in Chapter 5 show the
beginnings of how synthetic IK8, MBs and US can be used for 2-species oral biofilm
treatment, though further experiments and optimisation is required to reach its full

potential, which were unable to be performed here due to time constraints.
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6.2 Future Works

Chapter 3 saw the use of spontaneous RS for the characterisation of on chip oral biofilms.
When using this technique for biofilm analysis in the future, the areas of analysis should
be split into the regions of biofilm (inner edge, middle other edge, top, bottom, etc)
rather than taking the average spectra from random points across the biofilm. The
variation that occurs within the biofilm on each day will go further in explaining what is
causing the day to day biofilm variation. As spontaneous RS did not have the capability
to do Raman maps or z-stacks, along with the limitation of long acquisition times, for
this technique it is therefore ideal to have a more specific approach with clear objectives
in mind, rather than starting broad and trying to deduce conclusions from the average
results. Furthermore, Raman spectra of dead biofilms should also be taken to see how
spectra differs from live bacteria, and if dead species can therefore be identified within

the growing biofilms.

The microfluidic growth system could be improved to include more chambers on the
devices to maximise throughput. Although uneven growth can sometimes be a factor
in these devices, incorporating a ‘pre-chamber’ as described by Blanco-Cabara et al can
result in uniform growth across three chambers on one device [91]. For future works
where the number of species within the biofilm is increased and anaerobic biofilms are
grown, the system will be required to be inside an anaerobic chamber. It is important
therefore that appropriate syringe pumps are used which can withstand the temperature

and humidity of the chamber.

For work in Chapter 4 using SRS to characterise biofilms, the main objective would
be to use this method on live biofilms to gather real time, in situ biofilm images. This
could be compared to the fixed biofilms and a comparison drawn from the spectra of live
and dead biofilms. If it were possible, performing SRS using equipment that allowed the
full spectra to be taken, rather than just the high wavenumber region, would provide
a great amount of high resolution detail about the biofilm and allow species identifica-
tion and direct monitoring of the biofilm and how it changes over time. TPF on live

biofilms would also provide information about the rates of metabolism in different areas
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of the biofilm and across the days, as flavin autofluorescence is known to increase when
metabolism increases. Furthermore, when treating biofilms with IKS8, the effectiveness of
the treatment could be monitored and quantified using TPF as research has shown that
when under stress from antibiotics, bacteria increase their metabolic rate in response,
producing more flavins and thus increasing their autofluorescence. This method would

be a quick, non-destructive way of measuring treatment effectiveness of biofilms on chip.

The work in Chapter 5 proved promising but optimisation of the IK8 delivery system
is still required. One initial factor was that the liposome encapsulation efficiency of the
IK8 was very low, 4.8%. Changing the composition of the liposome could improve
this as work by S.Moorcroft used DSPC and achieved an encapsulation efficiency of
15% [4], where this work used DPPC as the main lipid component. Although free
IK8+MB+US was shown to reduce the cell density of the biofilms the most, attaching
the loaded liposomes to the MBs may aid in delivery and allow further penetration
into the biofilm. Creating targeted MBs and liposomes would also help attached the
MB+liposomes delivery vesicle to the biofilm, and increase the sonoporation effect. The
poor results of MBs+US in this chapter were most likely due to the MBs not being close
enough to the biofilm surface to have any effect, therefore MB targeting, or at least
inverting the biofilm after adding MBs so that MBs rise and stick to the biofilm, would

help with sonoporation.

Once the treatment options have been optimised using biofilms grown in 96-well
plates, experiments would be conducted on-chip, so that the whole biofilm experiment,
from growth, analysis to treatment can be conducted on-chip for consistency. As men-
tioned, TPF would also be an excellent method of treatment quantification as the biofilm
response could be monitored via autofluorescence rather than using live/dead stains,
which reduces outside interference with the biofilm. Once the autofluorescnece of bac-
teria at different stages is known (e.g. stationary, exponential, increased metabolism,
and dead), the biofilm response to IK8 may be tracked in a non-destructive, real time

manner.

The long term goal is to apply these methods to a 5-species, pathogenic oral biofilm.
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Understanding biofilms using RS is not trivial and will only get more complex as more
species are added. However, having a well defined method and process of analysis that
is shown to work with 2-species, will make the process of understanding 5-species easier.
By understanding the 5-species biofilm, how it grows, and how it may be reduced to a
non-pathogenic state, or to a more manageable, treatable biofilm, will help inform the
treatment methods (such as how many rounds of MBs+US may be required, or specific
targeting agents), which may in the future be applied in dental clinics as an alternative

to antibiotics.
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