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Abstract

Biofilms are a multispecies community of bacterial cells that can establish over
time on biotic and abiotic surfaces. Biofilm growth and maturation on industrial
polymer surfaces poses a serious challenge to public health, industrial manufacturing,
oil and gas industries, food production and healthcare. As a result, there has been
increasing interest in the development of easily synthesised low-cost antimicrobial
polymer surfaces and coatings to inhibit, and/or perturb bacterial attachment and

biofilm viability.

This thesis was focused on modifying the surface of low cost commercial polymers, with
high-density polyethylene (HDPE) being used as the model substrate. Surface
modifications were performed using a range of approaches. These included different
surface oxidative treatment methods in order to evaluate their intrinsic antimicrobial
performance, and as an approach for improving the adhesion for other antimicrobial
coatings being investigated. Tin-dioxide thin-films and low/medium molecular weight
chitosan-zinc oxide nanocomposite coatings were also investigated and examined as
possible antimicrobial surface coating technologies for polymer materials, primarily for
HDPE. A key aim of this work was to evaluate microbial adhesion and biofilm viability at
the initial stages of biofilm maturation (early-stage biofilm), with successful
antimicrobial approaches then being further evaluated against a more mature biofilm

system.

This study confirms that the sulfuric-chromic acid surface oxidisation of HDPE and
polypropylene surfaces showed marked reductions in bacterial adhesion and viability,
with a decrease in attachment seen for both Gram-negative and positive bacterial
species with increasing surface oxidisation treatment time periods from 0 to 60
minutes. In particular, extended sulfuric-chromic acid oxidisation treatment times of 30
and 60 minutes significantly compromised microbial viability, such that there was no
agar growth of early-stage biofilm of Gram-negative organisms recovered from these
surfaces when cultured, even after 3 months of aging this polymer material under
standard laboratory conditions. The mechanism for this activity was ascribed to the

formation of chromium esters which are known reactive intermediates in the sulfuric-



chromic acid oxidisation of HDPE, and their surface presence was further confirmed
using TOF-SIMS. Tin-dioxide nanoparticle coatings showed a reduction in the early-
stage biofilm formation of Pseudomonas aeruginosa, irrespective of nanoparticle size
of the tin-dioxide coating used, which was also observed when coatings were deployed
on polypropylene and polycarbonate materials. A range of chitosan-zinc oxide
composite thin-films were examined which exhibited minimal viability reduction against
Escherichia coli early-stage biofilms. Therefore, this study could not affirm a significant
antimicrobial performance for the chitosan-ZnO nanocomposite coatings on oxidised
HDPE materials which was attributed to the loss of a key antimicrobial active functional
group in chitosan, the primary amines. However, optimisation of the chitosan-ZnO
formulations revealed some key trends, where increased concentrations of low
molecular weight chitosan in the presence of zinc-oxide in 1% acetic acid, resulted in a
2.8-log reduction of Escherichia coli due to the presence of primary amine substituents,
confirmed by a ninhydrin assay. Experiments performed against mature biofilms
prepared in a 24-hour aqueous environment found no antimicrobial performance on all

substrates and coatings tested.
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three different phases. The three mechanical surface
tensions are in equilibrium in the direction parallel to the
solid surface [301].

Diagram showing the Wenzel state of a droplet
considered to penetrate into the topography of a surface
and the Cassie-Baxter state where the droplet is
suspended on top of a rough surface [306]. It is thought
that the two states to be in equilibrium with each other,
see diagram shown to the right [306, 307].
Advancing contact angle is the largest angle before the
droplet spreads, the droplet is slowly increased in volume
using a syringe that tip is maintained in the droplet.
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Figure 2.22

Figure 2.23

Figure 2.24

Figure 2.25

Figure 2.26

Figure 2.27

Figure 3.1

Figure 3.2

Schematic diagram showing the principle of white light
interferometry.

This graph presents the key variables used in the
calculation of the average roughness Ro, where [ is the
sample length, and y; is the height of the point being

measured [309].
Schematic diagram showing how the CLSM functions in
detail, this includes the focusing of the laser beam with
the red arrow rays representing the reflected light and
the green the laser beam rays, the sample being excited,
and emission occurs which is detected [319]
Schematic diagram showing
the detector pinhole aperture placed in front of the
detector at the confocal plane of the objective. Out of
focus light (the red and blue lines) are eliminated as it
does not pass through the pinhole to reach the detector,
allowing for detection of specimen at a specific focal
plane with a known depth.

Schematic diagram showing the workings of a FC
instrument. The fluidics system illustrates the entry of the
cellular sample into the instrument, and the passing of
cells through a narrow opening in front of the laser beam.
A series of detectors, accompanied with filters (optics
system) are used to distinguish between key emission
information that will inform about a cells fluorescence
dye uptake, the size and shape. The electronic signal
graph demonstrates how an event (signal) is measured
from the passing of a cell into passed the laser beam and
recorded as an electronic signal in the FC.
Forward and side scatter in FC to determine cell size and
shape. The table on the right provides the key size
parameters that is associated with FSC and SSC, whereby
the complexity of a cell refers to internal component
features of the cells.

The excitation and emission fluorescence spectra of
Syto™9 between 300 and 900 nm. Blue peak
corresponding to excitation and the red peak
corresponding to emission, spectra sourced from supplier
website [357].

The excitation and emission fluorescence spectra of
propidium iodide between 300 and 700 nm. Blue peak
corresponding to excitation and the red peak to emission,
spectra sourced from supplier website [358].
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Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Mixed spectra of Syto™9 and Pl provided alongside the
annotation of the excitation wavelengths used, for
Syto™9 is 488 nm and for Pl is 538 nm. The emission
bandwidths used have been highlighted by a block colour
in the emission curve which for Syto™9 is between 495-
510 nm and for Pl is between 615-630 nm. The settings
selected were automatically suggested by the Leica
software on the CLSM TCS SP2 system as Syto™9 and Pl
are common dyes and the excitation/emission
information is well-known.

HDPE unmodified samples were exposed to early-stage
biofilm of P. aeruginosa with N=3, minimum of 5 images
taken per sample, +/- SE. Linear trendline also provided
for both.

Summary of the selection reasons for the three different
surface oxidisation methods.
ATR-FTIR spectra of HDPE submerged in sulfuric-chromic
acid for 0 to 60 min.

Carbonyl, hydroxyl and sulfonic indexes of sulfuric-
chromic acid oxidised HDPE surfaces using ATR-FTIR
integrated absorbance values, N=4.

Surface wettability parameters shown, (a) water and DIM
advancing angles 6 and (b) surface free energy (polar,
dispersive, total) of HDPE with increasing sulfuric-chromic
acid oxidisation time of 0, 2, 10 and 30 min (+/- SE).
XPS results of HDPE surface oxidised with sulfuric-chromic
acid treatment; (a) % elemental abundance of core
species has been provided; (b) carbon 1s core level XPS
scan.

Proposed reaction pathway for sulfuric-chromic acid
oxidisation of PE [287,373].

ToF-SIMs results showing comparison of most common
peaks found by total ion intensity against m/z ratio for
negative ions. The above (red) peaks are from
functionalised 30 min sulfuric-chromic oxidised HDPE, and
the bottom blue peaks are for the HDPE control
(untreated sample).

Surface roughness parameters (Ra and RMS) obtained
from non-contact white light profilometry of HDPE etched
in sulfuric-chromic acid solution at 70 °C with increasing
oxidation time periods from 2 to 60 min. Two example 2D
images have also been included.

% Area occupied by P. aureuginosa early-stage biofilm on
HDPE surfaces versus oxidisation time as determined
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using CLSM (N>14, +/- SE), where 3 samples were
examined with a minimum of four images taken of each
sample. White spots are fluorescently labelled P.
aureuginosa species, images also include a positive
control without P. aureuginosa exposure but in the
presence of the fluorescent Syto™9.

CLSM viability results of P. aeruginosa after sulfuric-
chromic acid oxidisation of HDPE with treatment times of
2, 10 and 30 min, where (a) ratio of Syto™9/PI, (b) Syto™9

and (c) Pl. Example images of Syto™9 stained cells have
been provided in the upper row and the corresponding Pl
channel in the lower row (all cells stained are shown in
green in the images), at 1024 x 1024 pixel resolution.
FC results showing a DiBAC4(3) histogram of the early-
stage biofilm recovered from scraping, the number of
. events has been given as counts in the gated area, which
Figure 4.11 . . .
was set as 10,000. Calibration of the dye using FC and
gating thresholds for this experiment has been
summarised in the Appendix Section Chapter 4[D].
SEM images of (A) HDPE untreated, (B) HDPE 30 min
sulfuric-chromic acid oxidised, (C) HDPE untreated
exposed to P. aeruginosa early-stage biofilm, and (D)
HDPE 30 min sulfuric-chromic acid oxidised exposed to P.
aeruginosa early-stage biofilm.

CLSM viability images of S. aureus upon exposure to
sulfuric-chromic acid oxidisation of HDPE with treatment
times of 2, 10 and 30 min; where (a) the ratio of
. Syto™9/PI, (b) Syto™9 and (c) PI. Syto™9 stained example

Figure 4.13 . . .
images of cells have been provided in the upper row and
the corresponding Pl channel in the lower row (all cells
are to be shown in green in the images), at 1024 x 1024
pixel resolution.

CLSM viability study of E. coli changes upon sulfuric-
chromic acid oxidisation of HDPE with increasing
treatment times of 2, 10 and 30 min, (a) ratio of Syto™/PI,
(b) Syto™9, and (c) PI channels. Syto™9 stained example
images of cells have been provided in the upper row and

Figure 4.10

Figure 4.12

Figure 4.14
the corresponding Pl channel in the lower row (all cells
are to be shown in green in the images), at 1024 x 1024
pixel resolution.
ATR-FTIR of HDPE oxidised with sulfuric-chromic acid for
Figure 4.15 30 min, and sulfuric acid for 15 min and UVO for 20 min;

the spectra has been annotated with key functional
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groups that have formed following these oxidisation
treatments.
XPS carbon 1s core level scan with a 400 um spot size of
. HDPE oxidised surfaces for (a) untreated, (b) UVO treated,

Figure 4.16 . . ] . . 159

(c) sulfuric acid treated and (d) sulfuric-chromic acid
treated.
XPS percentage elemental surface relative atomic

abundance of key elements (C, O, S, Cr and K) of HDPE 161
oxidised surfaces.

Profilometry results from HDPE oxidisation using three
different approaches (sulfuric-chromic acid etching,
Figure 4.18 UV/ozone, and sulfuric acid; with average roughness (R,)
and the root mean squared average roughness (RMS)

provided, N=3.

Figure 4.17

161

Carbon XPS 1s core level scans of untreated and 30 min
sulfuric-chromic acid surface oxidised polyolefins: (a) PP,
(b) PC, (c) PVC, and (d) PS, as well as percentage relative
atomic surface composition. K has been included where
its presence has been found in XPS.
XPS measurements of surfaces exposed to prolonged
water submersion, (a) % relative atomic abundance of
core elements found at the surface; (b) carbon 1s core
level scan of fresh, 24 h hydrated and 7 days hydrated
HDPE sulfuric-chromic acid oxidised surfaces.
(a) P.auruginosa initial biofilm exposed to non-hydrated
and 24 h hydrated samples; (b) CLSM of P.auruginosa
initial biofilm on sulfuric-chromic acid oxidisation HDPE 172
and the changes in Syto™9 and Pl channels summised

Figure 4.19 166

Figure 4.20 171

Figure 4.21

versus increasing oxidation time.
XRD pattern of Cr-oxyhydroxide materials obtained with
and without hydrothermal (HT) processing on the left,
. preparation involved pH 10 conditions and 15 h overnight
Figure 4.22 173
HT treatment for HT treated sample. XRD of samples
prepared by Yang and co-workers have been provided on
the right for comparison.
AFM imaging of oxidised (ox) HDPE with UVO-SA
. treatment, coated with Cr-oxyhydroxide films and the
Figure 4.23 . . 175
relevant controls. A slope fit has been provided as affords
the clearest images.
Procedure for evaluating leaching of Sn by submersion in
. three beakers of DI water with initial and rinsed water
Figure 5.1 . . 186
advancing contact angle measurements being taken. Full
experimental details can be found in Chapter 3.

15



(a) Water advancing contact angle ® measurements of
surfaces before and after rinsing in DI water whilst (b)
Figure 5.2 and (c) show ICP-MS results of Sn concentration found
from three DI water rinsing for Film A and Film B coatings
respectively.

AFM images scaled to 2000 nm x 2000 nm with resolution
512 x 512 for surface stiffness and 3D height
corresponding images captured are presented using JPK
AFM system in QI™ mode. Oxidisation treatment method
used refers to 30 min sulfuric-chromic acid chemical
treatment at 70 °C.

XPS valence scan obtained for HDPE with Film A and Film
B for 0 min and 30 min oxidised HDPE samples, showing
the distinctive peaks associated with the presence of
Sn0..

Experimental valence-ban XPS spectra of SnO, and SnO by
Themlin et al., 1992 [422].

CLSM assessment of bacterial early-stage biofilm

Figure 5.3

Figure 5.4

Figure 5.5

adhesion of P. aeruginosa present on the surface from
Syto™9 stained cells imaged upon 30 min surface

inoculant exposure for a range of oxidised and SnO;

coated HDPE materials. Number of images taken of

Figure 5.6 different positions N=15-65, with a minimum of two

biological repeats performed. Sample images have been
provided for the HDPE control, as well as Film A and B
coated samples, all without surface oxidisation
treatment, scale bar is set to 100 um.

Cellular viability assay results, showing Syto™9/PI ratio
which is the % area coverage occupied by stains Syto™9

Figure 5.7 compared with Pl. Number of different samples tested,

N=3-6 with 6-10 images taken per sample using 4
different bacterial cultures on different days.
Syto™9 and Pl results with the Syto™9 and Pl channels
values averaged separately for the % area occupied in
layers from Comstat 2.1 plug-in for ImageJ for HDPE

Figure 5.8 samples (a) without tin-hydrosol coating, (b) Film A, and
(c) Film B, with increasing sulfuric-chromic acid
oxidisation time from 0 to 30 min.
Selected sample CLSM images of HDPE samples without
any pre-treatment (sulfuric-chromic oxidisation). This
Figure 5.9

shows the effect of the SnO; films on the viability of the
early-stage biofilm.
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Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

T20 saline delay experiment of Film A (a) and Film B (b)
coated onto HDPE surfaces with sulfuric chromic acid
oxidisation. The controls data are on the two left hand
columns representing untreated HDPE with no coating or
oxidisation. The ratio has been obtained from Syto™9/PI
from CLSM imaging, N=3 with a minimum of 4 images
taken of each sample for P. aeruginosa.

Average CLSM Syto™89 and Pl channels values for Film A
and Film B on untreated and sulfuric-chromic oxidised
HDPE materials, where (a) Syto™9 values for Film A, (b)
Syto™9 values for Film B, (c) Pl values for Film A, and (d)
Syto™89 values for Film B.

XPS results from Film A and Film B formed on untreated
PP and PC polymers, as well as the uncoated control
materials provided, in terms of % relative atomic
elemental abundance.

AFM images of PP and PC samples coated with tin-
hydrosol A and tin-hydrosol B to form PP-Film A/B and PC-
Film A/B with 2000 x 2000 nm scan area.

CLSM results obtained from (a) fresh samples, and (b)
EtOH 24 h rinsed samples of PP Film A/B and PC Film A/B
samples. The data has been provided as a ratio of
Syto™9/PI from using Comstat 2.1 plug-in for Image-J.

E. coli (EC), S. aureus (SA) and P. aeruginosa (PA) CLSM
viability results using Syto™9 and PI, (a) ratio of
Syto™9/PI; (b) the Syto™9 and Pl channels averaged for
each oxidisation time period for coatings with tin-
hydrosol A; and (c) the Syto™9 and Pl channels averaged
for each etching time period for coatings with tin-
hydrosol B.

Effect of ZnO concentration on pH to achieve maximum
saturation in 10% acetic acid.

LMW (a) and MMW (b) chitosan-ZnO nanocomposite
coatings compared to LMW chitosan powder, HDPE
untreated and HDPE oxidised control materials.
ATR-FTIR of MMW and LMW chitosan dip-coated at 1.75
g /100 mL at varying ZnO nanoparticle concentrations.
ATR-FTIR of LMW chitosan films and nanocomposite films
containing ZnO nanoparticles, using 10% acetic acid.
ATR-FTIR of films on UVO-SA HDPE of PVP and PVP-ZnO
nanocomposite (1.5g Zn0O).
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Figure 6.6

Figure 6.7

Figure 6.8

Figure A.1

Figure A.2

Figure A.3

Figure A.4

Figure A.5

Figure A.6

Figure A.7

AFM images of some of the chitosan-ZnO nanocomposite
films prepared in Part 1, 3D roughness and 2D stiffness
has been provided for the same image.

AFM images of chitosan-ZnO, chitosan, PVP, PVP-ZnO
composite films prepared on UVO-SA oxidised HDPE
surfaces using dip-coating approach. Images have 526 x
526 pixel resolution at 2 x2 um scale, N=1.

Photos of E. coli agar plates exposed to serial dilution
from N (neat) to -6; left: HDPE oxidised with LMW
chitosan 1.75 g/0.75 g ZnO; right: HDPE untreated control
surface.

ICPMS standard calibration for testing elemental
chromium. The instrument set-up was carried out by Kaho
Cheung, analytical technician at Imperial College London,
department of chemical engineering.

ICP-MS calibration standards used to determine the
concentration of Sn in rinsed washings from SnO; thin-
film coatings on HDPE and sulfuric-chromic acid oxidised
HDPE. The standards were pre-prepared, and the
instrument set-up was carried out by Kaho Cheung,
analytical technician at Imperial College London,
department of chemical engineering.

Stacks of 1 um increment was obtained from 0 to 200 for
early-stage P. aeruginosa biofilm. Orange bars represents
the 10 um that would be captured, and the blue
represents the region excluded, TH 90, gating 2 ns, gain
100.

Photos taken to show how the filter system was set up for
calibration experiments for the CLSM viability assay.
Calibration Curve for P. aeruginosa performed using
suction filtration and imaged CLSM, where (a) provides
the ratio of Syto™9/Pl, (b) Syto™9 channel only, (b) P!
channel only. N=5 (number of biological repeats on
separate occasions), +/- SE, data analysed using Image J
with the Comstat 2.1 plugin, 1024 x 1024 pixel resolution
with a 25x Magnification.

Calibration Curve for S. aureus (ATCC 6538) performed
using suction filtration and imaged CLSM, where (a)
provides the ratio of Syto™9/Pl, (b) Syto™9 channel only,
(b) Pl channel only. N=5 (number of images taken), +/- SE,
data analysed using Image J with the Comstat 2.1 plugin,
1024 x 1024 pixel resolution with a 25x Magnification.
Calibration Curve for E. coli (ATCC 10536) performed
using suction filtration and imaged CLSM, where (a)
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Figure A.8

Figure A.9

Figure A.10

Figure A.11

Figure A.12

Figure A.13

Figure A.14

Figure A.15

Figure A.16

provides the ratio of Syto™9/Pl, (b) Syto™9 channel only,
(b) Pl channel only. N=2 (number of biological repeats),
+/- SE, data analysed using Image J with the Comstat 2.1
plugin, 1024 x 1024 pixel resolution with a 25x
magnification.

CLSM sonication assay using Syto™9 with P. aeruginosa,
the samples were imaged pre- and post- sonication to
determine the effectiveness of this approach in removing
the biofilm. Example images of HDPE 10 mins sulfuric-
chromic acid oxidised with Film B coating has been
provided beneath, scale bar showing 100 um.

Sample holders for OD-plate reader experiment for
evaluation of early-stage biofilm viability.
Results of HDPE modified samples from the use of
agitation within an OD plate reader, a shaker incubator
was used to dislodge the early-stage biofilm of E. coli.
Results are an average of two biological repeats
conducted on separate days, blank corrected, with 3
samples each, +/- SE.

The OD-plate reader results from the use of glass beads
to remove the early-stage biofilm. Planktonic samples
refer to samples that do not under-go the PBS washing
steps, where in (a) 3 beads used, (b) 6 beads used. Raw
data provided, results are an average of 3 samples each
at each time interval.

CLSM imaging used to evaluate the scraping method of
the early-stage biofilm using Syto™9 with P. aeruginosa,
the samples were imaged pre- and post- scraping.
XPS core level C 1s scan of HDPE oxidised with sulfuric-
chromic acid solution at 70 °C with (a) 20 min, (b) 45 min
and (c) 60 min submersion time periods.

Agar disk diffusion assay to determine leaching of any
antimicrobial reagents from the surface against E. coli
(Mg1655) and P. aeruginosa (PAO1).

Gating of forward and FCS and SSC plots named R2, with
DiBAC4(3) as the dye.

Histogram plots of DiBAC4(3) stained P. aeruginosa with
increasing dye amount for high concentrations of
bacterial cells (P. aeruginosa OD 1 at 600 nm in PBS
buffer solution). The concentration of dye used is
provided underneath each histography graph.

19

295

296

297

298

299

301

302

302

303



Figure A.17

Figure A.18

Figure A.19

Figure A.20

Figure A.21

Figure A.22

Figure A.23

Figure A.24

Figure A.25

Figure A.26

Figure A.27

Figure A.28

Histogram plots of DiBAC4(3) stained P. aeruginosa with
increasing dye amount for low concentrations of bacterial
cells (P. aeruginosa OD 0.05 at 600 nm in PBS buffer
solution). The concentration of dye used is provided
underneath each histography graph.

ATR-FTIR of (a) HDPE UV/ozone oxidised and (b) HDPE
sulfuric acid oxidised at different exposure periods.
XPS survey scans of polyolefins untreated and oxidised
with sulfuric-chromic acid for 30 mins, for samples (a) PP,
(b) PVC, (c) PS and (d) PC.

XPS full survey scans of Cr-oxyhydroxide samples (a-f) and
control (g). HDPE oxidised refers to HDPE that has been
pre-treated with UV/ozone and sulfuric acid heated
oxidation treatment.

For tin-hydrosol A the solution had to be diluted 1/50 and
for tin-hydrosol B the solution diluted 1/20 to obtain
absorbance values less than 2.

Hypothesised DLS data of a 1:1 sample containing 5 nm
and 50 nm particles, obtained from the instrument
manual.

DLS results (Zetasizer uV instrument, Malvern Panalytical)
for tin-hydrosol A showing the number and volume
distribution results for two samples prepared separately,
Batch 1 and Batch 2.

DLS results (Zetasizer 1V instrument, Malvern Panalytical)
for tin-hydrosol B showing the number and volume
distribution results for two samples prepared separately,
Batch 1 and Batch 2.

AFM analysis of particle size based on cross-sectional
height evaluation to determine the diameter from
utilising z-scale.

XPS surveys can of SnO; coated HDPE samples, wehre (a)
Film A, (b) Film b, (c) 30 min oxidised Film A and (d) 30
min oxidised Film B.

Step-by-step flow chart illustrating the surface vaiblity
assay using the LIVE/DEAD BaclLight kit for early-stage
biofilm viability evaluation, with Tx as 20 min delay
experiment with exposure to sterile saline.

XPS survey scan of CS-ZnO coatings outlined in Table 6.2
in Chapter 6.
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UV-vis spectrophotometer results between 300-700 nm as
an average of three separate samples, error bars show
+/- SE, samples examined were (a) control HDPE sample,
(b) HDPE UVO-SA oxidised, (c) MMW 1.5 g CS—0.2 g ZnOQ,
(d) LMW 1.5 g CS—0.2 g ZnO, (e) LMW 1.75g CS— 1.75¢
Zn0, and (f) MMW 1.75g CS — 1.75 ZnO.

Figure A.29
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Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

List of Tables

Description
Examples of common biofilm species causing nosocomial
patient infections from biofilm contamination on hospital
surfaces and tools, inspired from work presented in a
review by Costerton et al. [14].

Summary of key variables that can influence and induce
bacterial cell attachment to a substratum.
Summary of nanotechnology used for antibiofilm
applications, including nanotechnologies incorporated on
surfaces in the means of films, coatings, or composites.
Summary of common industrial polymers, their
derivatives, means of sterilisation and applications.
Information largely sourced from McKeen [279].
Surface tension components (mJ/m?) for pure water and
DIM [305].

Material description of the polymers. Thickness
dimensions have only been provided in this table because
detailed size (2D) description used is experiment specific
and therefore can be found in the experimental protocols.
Polymer materials utilised for this study.

Viable plate colony enumeration for oxidised HDPE
surfaces obtained by culturing recovered cells after
scraping the early-stage biofilm in PBS, and incubation of
15 h overnight growth for P. aeruginosa exposed to
samples that are fresh, aged for 1 month and 3 months
(NA=not available/not performed, +/- SD). T-test was not
conducted as full data set was no longer available.

Viable plate colony counting for oxidised HDPE surfaces
obtained by culturing recovered cells of E. coli and S.
aureus after 15 h overnight growth for E. coli and S.

aureus (NA=Not available/not performed, +/- SD).
Advancing water and DIM contact angles 6 for HDPE
surfaces; untreated surface, UVO, sulfuric acid and
sulfuric-chromic acid oxidised HDPE surfaces, y%, and y£,
are the dispersive and polar components respectively of
the surface free energies.

Early-stage biofilm viability from cell colony enumeration
after exposure to various oxidised HDPE surfaces for 30
min static P. aurginosa exposure. {p-value} determined by
t-test and compared to HDPE untreated results.
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Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Table 4.12

Water and DIM advancing & for the polymers examined,
and the calculated surface free energies (Fowke’s Theory),
XPS elemental surface % C:0, and P. aeruginosa viability
results following 30-min surface exposure to form an
early-stage biofilm. PP and sulfuric-chromic treated PP
colonies images shown. T-tests were conducted relative to
respective polymer controls, {p=value}.

HDPE sulfuric-chromic acid treated surfaces and their
antimicrobial performance on P. aeruginosa early-stage
biofilm viability following multiple washing and use cycles,
as well as 24 h water immersion study to evaluate the
influence of excessive water exposure, , {p-values}
determined by a t-test and compared to samples of each
according cycle.

XPS percentage relative atomic abundance of 30 min
oxidised HDPE sulfuric-chromic acid treated samples,
tested against P. aeruginosa early-stage biofilm. Controls
(unused/fresh samples) have been provided for each for
comparison.

XPS based % surface elemental abundance. The Cr-
oxyhydroxide/HT powder was measured using an
adherent carbon tape. HT: hydrothermal treatment, ox:
UV/ozone oxidised (20 min) then sulfuric acid oxidised (15
min, 90-100 °C). Sulfur was included as oxidation using
sulfuric acid introduces sulfur surface moieties. Full XPS
survey scans can be found Appendix Chapter 4[G].

Colony enumeration results from the early-stage biofilm
assay of S. aureus and E. coli on Cr-oxyhydroxide/HT
containing samples on HDPE modified and unmodified
polymers (+/- SD).

ICP-MS determination of chromium leaching
concentration from a range of substrates after contact
with 200 ul of DI water for 1 and 30 min. The 200 ul was
diluted to 5.152 mL for measurement using ICP-MS (+/- SE,
N=2).

Mature biofilm 24 hr exposure of E. coli to sulfuric-chromic
acid oxidised HDPE and viable enumeration of and Cr-
oxyhydroxide coated HDPE oxidised samples and the CFU
results obtained (+/- SD). The two experiments were
conducted on separate occasions and therefore two
control values for HDPE has been provided.
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Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 6.1

Table 6.2

Table 6.3

Table 6.4

DLS results of tin-hydrosol A and tin-hydrosol B with the
number, volume, Z average distributions as well as the
polydispersity indexes.

Surface wettability and Fowke’s surface free energy
measurements versus surface modification against
increasing surface oxidisation time of 0, 2, 10 and 30 min
and coating with Film A and Film B.

% Relative atomic abundance from XPS measurements
taken for SnO; coated and uncoated HDPE samples (N=1,
400 um spot size). The 30 min refers to the time of
sulfuric-chromic acid oxidisation pre-treatment performed
on the HDPE prior to coating with tin-hydrosol solutions A
and B.

Advancing contact angle results from PP and PC coated
with tin-hydrosol A and tin-hydrosol B to form PP-Film A/B
and PC Film A/B, (+/- SE), n=2 samples tested, with 6-9
advancing droplets evaluated. Fresh and rinsed water
advancing & have also been provided, the surface free
energy has been calculated from the fresh 0 values.
Colony counting viability experiment for P. aeruginosa on
Film A and Film B coated samples in log-scale, N=2
samples three repeats were performed.

Colony counting results of early-stage biofilm with E. coli,
S. aureus and P. aeruginosa for tin-dioxide coated
samples. T-tests were performed and compared to
respective controls, i.e. for 30-FilmA results were
compared to 0-FilmA, {p=value}.

Mature biofilm study 24 h hydrated media rich
environment with E. coli against various sulfuric chromic
acid etched HDPE surfaces coated with Film A and Film B.
Experimental matrix performed, film casting maintained
at pH 6 using 0.1 M NaOH in all cases. Where LMW and
MMW refer to low and medium molecular weight of the
polymers.

XPS ratio of C:0:N:Zn:S relative to nitrogen. Full survey
scans can be found in the Appendix under Chapter 6[B].
Viable plate counting assay of early-stage biofilm with E.
coli using HDPE oxidised samples coated with MMW and
LMW chitosan-ZnO thin-films, PVP films in table A and
relevant controls provided in table B. T-tests were
performed to compare results to UVO oxidised HDPE
control, {p=value}.

Ninhydrin assay results on chitosan-ZnO nanocomposite
films formed on UVO-SA oxidised HDPE materials, (+/- SD).
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Table A.1

Table A.2

Table A.3

Table A.4

Table A.5

Table A.6

Table A.7

Table A.8

A photo of 1.75g LMW chitosan — 1.75g ZnO film has been
provided below, with n=3 where it can be observed that
2/3 samples has turned purple.

Modulation of gain from 10 to 200 at TH (threshold) 60 to
120. The gating was kept constant at 3 ns delay. The best
value for signal-to-noise (S:N) ratio in each instance has
been highlighted in grey.

Modulating gating to determine best setting for gating
using the Leica CLSM. The threshold was kept at 90 and
the gain at 100 for both Syto™9 and Pl channels.
Water advancing contact angle of HDPE surfaces upon
sequential rinsing for sulfuric-chromic acid oxidised fresh
samples.

Refractive index measured, results are an average of 5
repeats, +/- 0.0002 for both (standard deviation).
Equations utilised in the determination of particle size
using DLS.

Solubility evaluation of commercial ZnO in 1% acetic acid,
100 mL total volume.

Water and DIM advancing contact angle results, and the
corresponding surface free energy, calculated using
Fowke’s Theory.

Absorbance values obtained from ATR-FTIR for three
separate spectra obtained of the LMW and MMW
chitosan powders that have been commercially.
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List of Symbols, Abbreviations and Physical Constants

A Area of a surface

AFM Atomic force microscopy

AMP Antimicrobial polymer

AUG Auger electron spectroscopy

B. subtilis Bacillus subtilis

CA Contact angle

CFU Colony forming unit

Cl Carbonyl Index

CLSM Confocal laser scanning microscopy

CS Chitosan

dd Double distilled

DDA Degree of deacetylation (in terms of chitosan)
DiBAC4(3) Bis-1,3-dibutylbarbituric Acid)trimethine oxonol
DIM Diiodomethane

DLS Dynamic light scattering

DLVO Derjaguin, Landau, Verwey, and Overbeek

E. coli Escherichia coli

EDS Energy-dispersive X-ray spectroscopy

EDTA Ethylenediaminetetraacetic acid

EPS Extracellular polymeric substances

E-SEM Environmental-scanning electron microscopy
ESKAPEE Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp., and Escherichia coli
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FC Flow cytometry

FIB-SEM Focused-ion-beam scanning electron microscopy

FSC Forward Scatter (in flow cytometry)

G Free energy

h Hour(s)

HAI Healthcare-associated infections

HDPE High-density polyethylene

HI Hydroxyl index

HT Hydrothermal treated

IAA Initial attachment assay

ICP-MS Inductively coupled plasma-mass spectrometry

Imagel T Imagel threshold

ISS lon scattering spectroscopy

LB Lysogeny broth (microbial broth)

LMW Low molecular weight

LPS Lipopolysaccharides

LVHR-SEM Low-voltage high-resolution-scanning electron
microscopy

MHSA Mannose-sensitive hemagglutinin

min Minute(s)

MMW Medium molecular weight

MW Molecular weight
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N
NA
NaOH HW

OECD

P&G
P. aeruginosa
PBS
PC
PDI
PDMS
PE
PEG

Pl

PP
ppb
PS
PVC
PVP

QAC

RBS
ROS
RI
RT

S. aureus

Number of item(s)/sample(s)
Not available

NaOH hot-wash (for chitosan film preparation)

Organisation for Economic Co-operation and
Development

Procter and Gamble
Pseudomonas aeruginosa
Phosphate buffered saline
Polycarbonate
Polydispersive index
Polydimethylsiloxane
Polyethylene
Polyethylene glycol
Propidium iodide
Polypropylene

Parts per billion
Polystyrene

Polyvinyl chloride
Polyvinylpyrrolidone

Quaternary ammonium compounds

Roughness factor (Wenzel’s Model)

Rutherford backscattering spectrometry

Reactive oxygen species

Refractive Index

Room temperature

Staphylococcus aureus
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SD

SD*

SE

S. epidermis
SFE

S|

SIMS

S:N

spp.

SSC

T20
TCA

TEM
TH

ToF-SIMS
TSB

uTl

uvo

UVO-SA

V. cholerae

W1, W2, W3
WHO

XDLVO
XPS

Standard deviation

Sampling depth

Standard error

Staphylococcus epidermis

Surface free energy

Sulfonic Index

Secondary ion mass spectrometry

Signal-to-noise ratio

Species pluralis (multiple species belonging to the same

genus)

Side Scatter (in flow cytometry)

Time duration of 20 minutes in saline (in biofilm assays)
Tricarboxylic acid cycle

Transmission Electron Microscopy
Threshold

Time-of-Flight Secondary lon Mass Spectrometry

Tryptic soy broth

Urinary tract infection

UV/ozone surface oxidisation

UV/ozone and sulfuric-acid surface oxidisation
Vibrio cholerae

Wash 1, wash 2, wash 3

World Health Organisation

Extended Derjaguin, Landau, Verwey, and Overbeek

X-ray photoelectron spectroscopy
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XRF X-ray fluorescence spectroscopy

XTT 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium-5-Carboxanilide
Y
z
Symbols
Ysv Surface tension of the solid surface/ the surface free
energy
YLy Surface tension of a liquid
Ysy Surface tension between liquid and the solid
YR Dispersive component of the surface tension
YSDV Dispersive component of the surface energy
Yk, Polar component of the surface tension
YSF{, Polar component of the surface energy
0 Contact angle
6w Apparent contact angle (Wenzel’s Model)
oCB Apparent Cassie-Baxter contact angle
f Surface fraction
l Sampling length
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CHAPTER 1 Introduction

1.1 Background

Biofilms are a surface-bound community of bacterial cells that are embedded in a
protective extracellular polymeric substance (EPS) of microbial origin that grows as the
biofilm matures [1]. Evidence suggests that over 99% of microbes live in biofilm micro-
ecosystems [2], with biofilm microbes exhibiting up to 1000 times more tolerance
towards both biotic and abiotic (e.g. antibiotics and disinfectants) stresses compared to

their planktonic growth form [3].

The formation of biofilms is an area of great concern to public, commercial, and
industrial sectors. For example, in healthcare and product manufacturing, biofilms can
lead to product quality failures from damaged, blocked, eroded, or contaminated
surfaces. Biofilms also cause an increased risk for the spread of infectious diseases, they
are responsible for dental caries and nosocomial infections, as well as a variety of other
infections [4,5]. The US National Institute of Health reported that an excess of 80% of
microbial infections in the body are a result of infections caused by biofilms [6,7]. Some
examples of nosocomial infections of microbial biofilms are listed in Table 1.1 and these

stem from contact with hospital surfaces including catheters and implants.
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Common biofilm bacterial species associated with
Devices serious infection or disease found on corresponding Reference(s)
surfaces/tools

Staphylococcus epidermis, Staphylococcus aureus and

Sutures o .
methicillin resistant Staphylococcus aureus

(8]

Bacillus spp, Micrococci, Achromobacter,
Stenotrophomonas, Escherichia coli, Staphylococcus

Contact Lenses aureus, Staphylococcus epidermis, Candida, Serratia and 10111
Proteus.
th i i
O(re.g(?iaez(::(cv:f\zfs Staphylococcus epidermis, Staphylococcus aureus, [11]

. Gram-negative Bacillus, Enterococcus and Candida spp
corneal implants)

Escherichia coli, Pseudomonas aeruginosa, Enterococcus
Catheters spp., and Candida, Klebsiella, Enterobacter spp (Largely [11][12]
Gram-negative bacteria are prevalent as catheters)

Hospital contact

surfaces (e.g. Klebsiella, Vancomycin (antibiotic)-Resistant [13]
telephones, Enterococcus, Proteus
keyboards)

Table 1.1 Examples of common biofilm species causing nosocomial patient infections from
biofilm contamination on hospital surfaces and tools, inspired from work presented in a review

by Costerton et al. [14].

Acute infections originating from bacterial biofilms in a host organism are often difficult
to eradicate when relying on the hosts adaptive and innate defence mechanism alone,
therefore medical interventions are often required, for example in periodontitis
(inflammation of gums) and otitis media (ear infection) [14]. Aside from the biohazards
associated with biofilm formation and product quality failure, biofilms can also result in
malodours, microbial induced corrosion and polymer degradation [15-17]. Biofilms
possess intrinsic resilience, which includes a resilience against antimicrobial
disinfectants and cleaning approaches [18,19]. Antibiotics, although highly effective, are
limited to their application and longevity due to the resilience of bacteria, especially in
a biofilm environment. Microbial resistance to antibiotics is a widespread issue across
22 countries, with 500,000 people annually exhibiting antibiotic resistance infections
according to the World Health Organisation’s (WHQO) recent report in 2018 [20]. In fact,
scientists are looking into improving bacterial susceptibility to antibiotics due to the

innate bacterial ability to develop antimicrobial resistance. For example, some studies
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have focused on how to increase susceptibility of bacteria to antibiotics, as in the case
of colistin, a last resort antibiotic with growing bacterial resistance. Colistin’s
antimicrobial activity is based on targeting the lipopolysaccharides in the cytoplasmic
membrane, so bacterial susceptibility to colistin was improved by utilising a
lipopolysaccharide transport inhibitor (murepavadin) which causes lipopolysaccharide

accumulation in the cytoplasmic membrane [21].

Surfaces at high risk of microbial contamination include polymer materials which are
extensively used and have largely replaced paper and other cellulose-based products
over the years because of their lower costs, superior mechanical properties, and
resistance to water degradation. Frequently found polymers include polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polycarbonate (PC)
which are readily used for many applications, such as plastic implants, facemasks,
personal protective clothing, catheters, pill casings, packaging, work-tops, instrument

parts as well as disposable medical and laboratory components [22,23].

Although there have been decades of research into investigating the structure of
biofilms, antifouling biofilm strategies and removal approaches, there are clear
limitations to many of the solutions currently being used which largely pertain to the
complexity of microbial organisms in a biofilm microecosystem and their resilience to
environmental stresses. Polymers are typically sanitised by means of either heat or
ionising radiation to remove biofilms, as well as topical chemical treatments including
detergents, chelating ligands, surfactants, oxidising agents, and enzymes. The
limitation is that these treatments are temporary and recontamination by
microorganisms can occur when surfaces are re-introduced into the environment or the
cleaning regime is not persistent. Furthermore, these methods may also cause
increased levels of toxicity and contamination of surrounding product or the
environment from the chemicals being used, and may also cause enhancement of the
surface corrosion processes [17,24,25]. Another important factor to consider is the vast
variety of bacterial species with different strains that are present. This issue in turn
raises the problem of selectivity when looking to develop novel biocidal chemicals and
materials. As a result, there is a significant need to develop a biocidal surface that is cost

effective, durable, and able to inhibit the adhesion of pathogenic bacterial species of
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different organisms. One approach to achieve this outcome is through the development
of antimicrobial polymers (AMPs) which can be modulated and functionalised to
minimise and inhibit biofilm formation by decreasing microbial attachment and/or
preventing biofilm maturation. In light of the findings presented, the inhibition of
biofilm formation on polymer surfaces is of great interest and this research project will
focus on the surface modification of commercially relevant polymer materials and the
inhibition of early-stage biofilm development. A particular focus will be to consider ways
in which differing modified substrates can affect biofilm attachment and viability at the

early-stage.

1.2 Thesis Outline

In this thesis a series of polymer surfaces have been characterised by assessing their
physio-chemical attributes including surface energy, surface roughness and surface
composition following a range of surface modification approaches. Investigations of the
antimicrobial performance of these substrates have been focused largely towards early-
stage biofilm adhesion of microbes and their viability using an array of novel and/or
newly established assaying methods that includes the utilisation confocal laser scanning
microscopy, cell enumeration of colony forming units on agar and to a lesser extent,
flow cytometry and scanning electron microscopy imaging. A wide range of industrial
polymer surfaces has been selected for surface modification, with HDPE being chosen
as the model substrate used for all experiments due to its varied and widespread
applications including disposable bottles, facemasks, pipes, recycling bins, personal
protective equipment, disposable clinical components, and chemical containers. Also,
HDPE is popular in industry, commercial and healthcare use due to its stiffness,
durability, versatility, affordability, non-leaching (FDA-approved) and resistance to most
chemicals. This thesis aims to evaluate the antimicrobial performance for a range of
polymers that have been surface modified, including surface oxidisation as well as metal
oxide nanoparticles and chitosan thin-films, as possible antimicrobial treatments.
Polymers are commonly surface modified by means of oxidisation to achieve a more
adhesive surface, however the evaluation of the antimicrobial performance of such

treatment steps are often overlooked and not monitored. Therefore, a detailed study
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of oxidisation treatment on HDPE, as well as the oxidisation of a range of different
polymer materials, has been performed in order to provide a thorough overview of its

intrinsic antimicrobial performance.

1.3 Project Management

The majority of experiments were carried out at Imperial College London under the
supervision of Professor Daryl Williams in the Department of Chemical Engineering, the
Department of Infectious Disease and the Department of Materials. The remaining
experiments were conducted at Procter & Gamble’s Egham research site under the
supervision of Dr Kevin Wright and Dr Gareth Davies. Where experiments have been
conducted by other personnel, or with other personnel, this assistance has been

specifically listed in the thesis.
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CHAPTER 2 Literature Review

2.1 Biofilms

2.1.1 Introduction to Biofilms

Most bacterial life on Earth takes place on surfaces and interfaces in the form of
biofilms. Biofilms are a surface attached community of bacteria that can produce a
protective EPS of microbial origin [1]. Biofilm proliferation can progress to EPS matrix
development, the formation of complex microbial communities and structures, with
variations in cell phenotype within the biofilm morphology to form a mature biofilm
system. As a result, bacteria can exist as either ‘planktonic’ (free-floating in solution) or
‘sessile’ (anchored to a surface) species [26], where the sessile form represents an early-
stage initial biofilm, before a mature biofilm forms. ‘Biofilms’ and ‘biofouling’ are
commonly used terms and are often used interchangeably with each other to describe
the surface build-up of organisms. However, biofilms are recognised to encompass both
positive and negative implications, whereas biofouling is used to describe instances

where the biofilm is only deleterious and harmful [27].

Biofilms have been found to exist as early as 3.3 to 3.4 billion years ago based on
fossilised records [28—30], yet the earliest scientific observations of biofilms were
reported in the 1680s, when Antonie van Leeuwenhoek investigated human teeth on a
primitive microscope, which he described the biofilm as “animacules” [31]. Traction to
further investigate these sessile organisms started to develop only 200 years later when
scientists started interpreting these bacteria as “firmly adherent” to surfaces with the
growth of an interfacial “film” of cells [32]. The first use of the word biofilm has
commonly been reported to arise in 1981 by Bill Costerton [31,33] however in 1975
Mack and Ackerson used the term biofilm for trickling filter systems [34]. Nevertheless,
Costerton is accepted by many as the father of the field of biofilms with his ground
breaking discovery of the ‘glycocalyx’ biofilm matrix [1,35]. The glycocalyx are a network
of polysaccharides surrounding the bacteria, and this breakthrough caused the re-

definition of a biofilm to be sessile bacterial communities that are capable of self-
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producing exopolysaccharide glycocalyx polymers, also known as the EPS, which have

shown to aid in surface adhesion [3].

Many industrial sectors and domestic domains are massively impacted by biofilm
proliferation which has accelerated interest into research on understanding biofilms;
see Figure 2.1. However, biofilms have also offered a number of beneficial end uses for
several applications, these include solvent manufacture, waste water treatment,
removal of oil in sea or water systems and in the production of acetic, lactic, succinic
and fumeric acid [36]. For instance, a single species biofilm of Clostridium
acetobutylicum has been used in the commercial production of valuable solvents
including acetone, butanol, and ethanol via fermentation processes, which has also
been shown to be an efficacious source of high-value biofuel with the aid of palladium
catalysis [37,38]. The application of biofilms in waste water treatment is also now well
established, originating from their use in industrial trickling filters in the early 1870s by
J. Bailey-Denton [39]. A trickle filter is a bed consisting of gravel, moss, biomass and
support media where sewage and waste water can flow through, removing carbon- and
nitrogen-containing compounds in the water, such as ammonia and acetate species
[40-42]. Additionally biofilm uses include the production of acetic acid in the form of
vinegar, where this chemical is largely developed from the oxidisation of ethanol by
bacterial biofilms of the Acetobater genus [43,44], after the initial fermentation of fruits
to form ethanol from sugars. Biofilms have also been used in industrial fuel cells for

energy production, for example for producing electricity from acetic acid [45].
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Figure 2.1 Accumulated publications containing the term ‘biofilms’ per year, obtained from

PubMed, with the first use in 1975 (https://pbubmed.ncbi.nlm.nih.gov/?term="biofilm”).

The complexity of the biofilm morphology is vast. Bacteria can communicate together
in a biofilm via ‘quorum sensing’, a type of communication and decision-making process
that determines their gene expression based on the local density of the population
surrounding the bacterial cell. This effect is achieved by the transfer of small molecules,
called autoinducers, that can be passed between adjacent bacterial cells [46]. The
autoinducers accumulate with increasing cell density, and once a threshold level is
reached this is detected by receptors in the cell membrane or cytoplasm which in turn
activates gene expression that is involved with autoinducer production [47]. Some
bacteria are activated to form ‘persister cells’ which remain as dormant variants that
exhibit enhanced tolerance, and can become active once the local chemical treatment,
external stress or therapy is terminated [48]. The emerging field of microbiology that
investigates the group behaviour and social activity of bacteria is termed
‘sociomicrobiology’ [49]. Biofilms can also form complex internal channels and voids.
Research by Kaplan et al. has found the existence of convection currents in the biofilm
structure for different oral bacteria, which provides channels and voids that can allow
the essential transport of planktonic bacteria to other sites [50]. The EPS matrix has

been shown to encompass cell clusters fused inside that distributes connected channels
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and voids to allow for the efficient supply of oxygen throughout the biofilm structure

[51].
2.1.2 Stages to Biofilm Maturation

Many observations have shown a temporal step-wise progression in biofilm
maturation and development in the presence of favourable environmental conditions,
although the detailed molecular mechanism may differ from organism to organism [52].
In the late 1990s O’Toole and co-workers took the first steps to understand this
progression by investigating mutant phenotypes of Gram-negative proteobacteria
including E. coli, P. aeruginosa, Pseudomonas fluorescens and Virio cholerae [53-57].
This evolution has been summarised into five distinct phases of progression from (1)
initial surface attachment, (2) monolayer formation, (3) migration to form multi-layered
colonies, (4) significant production of EPS, and (5) biofilm maturation with 3-D
architecture, followed by its dispersal [53,58]. These stages are illustrated in Figure 2.2,
which is often viewed as a cycle rather than a linear process, for the continued spread
of biofilm on surrounding surfaces [59]. This progression is believed to accommodate
control points that allow for bacteria to regulate their gene expression for the different

stages [58].
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Figure 2.2 The evolution of unicellular microorganisms into a biofilm over time. Images 1-5 show
the stages of biofilm growth using CLSM imaging of P. aeruginosa labelled with DAPI dye (image
1-3), chromosomal GFP (image 4) and LIVE/DEAD Viability BacLight kit (image 5); kindly sourced

from Bordi and Bentzmann from an Open Access unrestricted review article [60].

These 5 stages of biofilm development are further discussed in the Sections below.

Stages 1-2: Initial surface attachment and monolayer formation

The growth of a biofilm starts with initial attachment of unicellular bacteria to the
surface, where attached cells are able to upregulate specific adhesion genes within
minutes of attachment to the surface [61]. For example, E. coli uses the BolA

transcription factor to regulate gene expression by influencing flagellar synthesis and
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EPS (peptidogylycan cycle) production, as well as stimulation of the Kreb cycle
(tricarboxylic acid cycle). Specifically the BolA protein represses the expression of
flagellar genes and in turn reduces the cells swimming capacity [62]. Furthermore, many
genes related to pyruvate metabolism and the Krebs cycle were induced with BolA, and
the upregulation of several amino acid synthesis pathways [62]. The initial attachment
of the unicellular microorganisms is a crucial step to biofilm development on surfaces.
However, the cellular decisions to adhere to a surface are not absolute, it is a dynamic
and reversible process whereby bacteria can detach and express the planktonic
phenotype depending on several influencing factors, such as from local hydrodynamic
forces [63]. Therefore, irreversible attachment of bacteria is often considered as sessile
bacteria that can withstand shear forces in order to maintain their adhesion to the
surface [64], therefore this attachment can be regarded as an early-stage biofilm. As a
result, weak microbial adhesion to the surface at this initial stage is known as ‘reversible
attachment’ where the attached cells can be detached via low shear forces. It has been
said that microbial surface attraction at this stage can be due to weak van der Waals

interactions, as well as other intrinsic bacterial features such as bacterial flagella [65].

Efforts to interpret microbial adhesion has been made using the DLVO theory
(Derjaguin, Landau, Verwey, and Overbeek) which treats the adhesive interactions of a
bacterial cell as the same as adhesion interactions of a colloidal particle [66—68]. This
theory suggests that weak attraction between a cell and a flat surface is based on a
balance between attractive and repulsive molecular forces. The repulsive electrostatic
forces are represented by bacterial cells due to their external negative surface charge
at physiological pH values (between pH 5 and 7) [69]; such forces are long-range. The
extended DLVO (XDLVO) theory considers hydrophobic/ hydrophilic forces coming from
Lewis acid-base phenomenon as well as osmotic interactions [70], although it may not
always corroborate with experimental findings [71]. The next phase after reversible
attachment is ‘irreversible attachment’ of the bacterial cells due to stronger chemical
interactions that include both intermolecular hydrogen bonding, hydrophobic
interactions, and intramolecular covalent linkages which then leads to monolayer

formation and later the production of EPS [65].
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Stage 3: Migration to form multi-layered colonies

Colonies originating from sessile bacteria initially develop as a flat monolayer of cells
and, upon reaching a critical population, move into the third dimension forming
multiple layers [72,73]. This phenomena has been recognised recently as a universal
step in biofilm formation, and is considered as the stage where mechanical forces are
influential [73]. Multi-layer biofilm development requires time and nutrient availability
in order for adequate bacterial cell division to occur, which gradually leads to self-
organised arrangements of bacterial colonies which favour nutrient availability,

evacuation of waste, and protection from environmental and internal stresses [72].

There are exceptions to this cyclic phased progression of biofilm formation such as
during initial surface colonisation events when bacterial cells bind to a bare surface. This
exception is because in later subsequent stages, late colonisers can adhere to the sessile
bacteria or the already-formed biofilm on a substratum. In these instances, it has been
thought that the early stage colonisers express biochemical components suitable for
initial attachment, with the later stage colonisers exhibiting different components that
allow them to bind to the early colonisers [74]. This phenomenon is referred to as
coaggregation, for example this process can be observed in fusobacteria, a genus of
anaerobic, Gram-negative, non-spore-forming bacteria. Fusobacteria have the ability to
become the dominant Gram-negative specie in biofilms associated with healthy gums
and gingivitis plaque as it is able to readily coaggregate to a wide range of early and late

stage colonisers [74,75].

Stages 4-5: Significant production of EPS and biofilm maturation with 3-D architecture

Once surface attached, bacteria must maintain contact in order to evolve to a mature
biofilm and a key aspect to this happening is the production of EPS [76]. The EPS, also
sometimes referred to as EPM (extracellular polymeric matrix), is formed during biofilm
growth. It primarily consists of polysaccharides but may also include ions, lipids,
nutrients and even DNA. The composition and structure of the EPS is largely determined
by the polysaccharides present [77], these polysaccharide rich zones are often termed

the glycocalyx, meaning “sugar coat”, which is also known as the slime layer [78]. Most
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EPS consist of a backbone structure of rigid 1,3- or 1,4- 8 linked hexose residues that
make the biofilm more rigid, and as a consequence provide mechanical support to the
biofilm structure [77]. However, the EPS can differ from organism to organism, for
example P. aeruginosa produces at least three known polysaccharides (alginate, Pel,
and Psl) that provides structural stability to the P. aeruginosa biofilm. The alginate for
example contributes to increased tolerance to antibiotic treatment, Pel offers an
important role in cell interaction and structural scaffolding, and Psl contributing to
initial attachment and microcolony formation [79]. Polymers in the EPS can form gels,
both rigid and non-rigid weak gels that can be viscous in character, due to the presence
of polysaccharides with high molecular masses. Electrostatic interaction between ions
and exposed carboxylic acid moieties can also contribute to increased gelation [77]. The
role of the EPS includes the anchoring and adhesion to a surface, providing mechanical
stability to the film, allowing for the distribution and storage of nutrients, ions and trace
metals, acting as a matrix for extracellular enzymes, as well as acting as a protective
envelope for the bacteria within the biofilm [80]. Therefore, the fully matured biofilm
resembles a complex 3D structure, containing channels for the transportation of

nutrients, water and waste [81].

Stage 5: Biofilm Dispersal

Biofilm dispersal can be divided into passive and active processes, whereby passive
dispersal refers to detachment mediated by external forces and active dispersal is
initiated by the bacteria [82]. There are three distinct modes of biofilm dispersal, these
are (a) erosion, (b) sloughing and (c) seeding, where erosion is the incessant release of
single cells or small clusters; sloughing is the sudden detachment of larger portions of
the biofilm; and seeding is the rapid release of a large number of single cells from
cavities, also known as central hollowing [82]. Kaplan has regarded erosion and
sloughing to be either passive or active, whilst seeding is always active in nature [82].
The dispersion of further bacteria from a mature biofilm encourages the spreading and
expansion of the biofilm onto downstream and surrounding surfaces, refer to Figure
2.2, contributing to the cyclic nature of a biofilm’s life cycle. Dispersal of biofilms can
differ amongst organisms, for instance clumping dispersal (sloughing) where large
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aggregates are detached from the biofilm has been seen in Staphylococcus aureus (S.
aureus), in which the larger clumps were also highly tolerant towards oxacillin (an
antibiotic treatment for infection) [83]; whereas when P. aeruginosa was examined,
single-cell dispersal was observed more prominently [84]. Furthermore, as the
thickness of the EPS increases, anaerobic conditions arise within the biofilm structure

which can stimulate the sloughing off and detachment of biofilm segments [85].

2.1.3 Reasons for Initial Bacterial Adhesion to Surfaces

When a planktonic cell nears a surface from the bulk fluid or airborne cells, there
are three cues and stimuli that can be experienced to stimulate irreversible surface
attachment from a planktonic cell to a sessile cell; (a) changes in physiochemical
properties compared to the bulk, (b) attachment of cell appendages and (c) envelope
stress from the attachment of the cell body [86], see Figure 2.3. For example, the
microenvironment surrounding a materials surface can differ from the bulk due to pH
variations caused by physio-chemical properties present at the surface, which can
stimulate irreversible bacterial attachment. Alternatively, the physical bacterial cell
body can make contact with a substratum from envelope stress, for instance from

unfolded proteins or from surface lipopolysaccharides (LPS) [86,87].
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Figure 2.3 Schematic summary of the different signals that can trigger irreversible surface

bacterial attachment to a substratum with some examples of causes, showing (a)

44



physiochemical changes, (b) attachment of appendages and (c) attachment of cell body. This list
is not exhaustive. (Permission to publish this figure has been obtained using RightsLink®, licence

number 5162491149682, in courtesy of Kimkes and co-workers).

Variations in the responses from these cues generally depend on three main variables
at play; the liquid environment, the solid surface, and the bacterium itself [88]. For
example, bacteria may have external appendages that aid in the adhesion process, like
flagella and pili [88]. In some cases, this can be caused by an intrinsic chemotaxis
response. For instance, P. ageruginosa has exhibited pili-based twitching motility to
move towards a chemoattractant on a substratum, like dimethyl sulfoxide and
succinate, with sub-micron precision [89]. This eventually resulted in a localised build-
up of bacterial cells in specific regions that led to biofilm growth and formation within
20 h [89]. Bacterial cells can even interact with each other by chemotactic signalling
through chemoreceptors, one example shows the selective growth of E. coli on semi-
solid agar in the presence of succinate forming aspartate, with the E. coli cells sensing

aspartate and forming symmetrical patterned biofilms on the agar surface [90].

Bacterial LPSs are bacterial endotoxins (capsules) that are amphiphilic and
heterogenous in size and composition [91]. Approximately 3.5 million LPS molecules are
found on the outer wall of Gram-negative bacteria which are commonly known for their
ability to initiate inflammatory and immunomodulatory response in humans and
animals [92,93]. LPS molecules have been suggested to function as adhesins that
mediate binding to surfaces. These capsules are usually acidic polysaccharides secreted
by bacteria that remain cell bound after secretion. In strains of Staphylococcus
epidermis (S. epidermis) that were deficient in producing capsular polysaccharide
adhesins, it was revealed that biofilm formation was significantly reduced in rabbit
models to 1% compared to 75% of rabbits infected with non-deficient strains [76,94].
Furthermore, separate studies have shown that modification of the LPS to deacetylated

LPS inhibited biofilm formation in several Gram-negative bacteria [95].

Irreversible cell attachment can also occur via mass transport through Brownian
motion, sedimentation (gravitational forces), as well as from hydrodynamic forces of a

bulk solution, which in turn can be affected by the substratum topography. Yang et al.
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have demonstrated that convective mass transport directly towards a steel pipe can
produce high cell attachment rates [65,96]. Additionally, P. aeruginosa and E. coli
exhibit preferential attachment locations or ‘hot spots’ on tested curved surfaces due
to local variations in the hydrodynamic environment, such as the leeward side of a pillar
[97]. Overall it is understood that the influence of hydrodynamics on bacterial
attachment is also largely dependent on cell morphology and their swimming behaviour
[97]. Alternatively, bacteria can proliferate in cavities and corners of a substratum in
order to survive, as well as increase their ability to adhere to a surface. Park et al. found
that in a system of starved E. coli cells, the cells responded to chemo-attractants that
are self-excreted, which in a varied topological environment, would favour small
cavities for heightened survival [98]. On the other hand, Friedlander et al. has proven
that E. coli can colonise crevices to access the enhanced surface area in order to
reproduce and form a biofilm, with accelerated growth seen on rougher textured
surfaces compared to smooth control samples [99]. Increases in surface average
roughness (Ra) can result in an increase in bacterial adhesion, as with S. epidermis where
heightened adhesion to rougher biomaterials was seen, like with titanium an increase
of 2x10* CFU/mm? was observed with an increase in 9 nm Rj; similar results were seen

for all biomaterial surfaces examined in this study [100].

Bacterial adhesion is governed by the sum of attractive and repulsive forces between
the cell and the surface, whilst being also mediated by possible substrate variables such
as surface roughness and surface free energy [101,102]. Overall, this property is
recognised as Gibbs energy barrier required for bacteria to adhere [65]. As a result, the
surface energy of a substratum can affect bacterial attachment, particularly the initial
binding of unicellular bacteria to a surface. Surface energy is the thermodynamic work
needed to create a unit of surface and is given in units of mJ/m? [103]. It is the solid
equivalent to the surface tension of a liquid. Research published on the influence of
surface energy on bacterial attachment is substantial yet contradictory, with both
hydrophobic (low surface energy) and hydrophilic (high surface energy) surfaces
showing reduced bacterial attachment in different instances. For example, MacKintosh
et al. observed biofilm growth of S. epidermis over 48 h on a surface modified PET with

different surface energies. It was revealed that the hydrophilic surfaces caused a large
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reduction in the initial adhesion of S. epidermis [100]. In another case, borosilicate glass
beads were coated with polymers of varying surface energies and charge densities; it
was established that there was a significant reduction in the initial bacterial adhesion
of Giardia lambia for the low surface energy (hydrophobic) polymer coatings used [104].
Largely, surface energy has been shown to be one of the key variables that can
significantly influence bacterial attachment, although it is organism and substrate
dependent. It has been argued that hydrophobic or rather, super-hydrophobic surfaces,
exhibit very effective antibiofouling capabilities. For instance, novel research
synthesising antiadhesive bacterial coating utilises this approach by Privette et al.
where synthesised fluorinated nano-sized xerogels act as a super-hydrophobic surface
coating, with bacterial adhesion of P. aeruginosa and S. aureus reduced by roughly 2

orders of magnitude [105].

Material surfaces are almost never found in a virgin uncontaminated state, usually there
is a conditioning film present on the surface before bacterial attachment. The
conditioning film usually consists of accumulated inorganic and organic molecules and
can arise from the transport of molecules from the bulk to the surface via diffusion,
sedimentation or turbulent flow from the bulk medium [65]. These films might, in other
research disciplines, be described as a surface contaminant on the materials. A
conditioning film can provide a nutrient source for biofilm growth and often contributes
toward promoting the initial irreversible attachment of unicellular planktonic bacteria.
However, this premise has also been found to be case-dependent [65]. For instance, a
conditioned film of skimmed milk on stainless steel reduced the attachment of
vegetative bacterial cells even at low concentrations of less than 1% skim milk [106].
Whereas Jain et al. demonstrated that the presence of a conditioning film on glass
panels resulted in a substantial increase in bacterial attachment of marine bacteria even
with varying bacterial cell surface hydrophobicity being considered, this adhesion
increase was found to be caused by an increase in carbohydrates contents within the
conditioning layer [107,108]. Conditioning films can also alter the substrates surface
properties including interfacial surface free energy, hydrophobicity, and surface
roughness. Lorite et al. established that a conditioning film on glass and silicon

substrates produced an increase in hydrophobicity and a significant reduction in surface
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roughness which did not correlate with microbe attachment, in fact the presence of
polyphosphate moieties coincided with increased biofilm thickness. It is evident that
the chemical composition of the conditioning film in this case was important in
influencing bacterial adhesion [109]. A conditioning film is very difficult to eliminate
from substrates. A study found that the presence of bovine serum albumin, a protein
mixture commonly used as a nutrient source for bacterial culture preparation, increased
the attachment of S. aureus on stainless steel compared to the negative control, absent

of bovine serum albumin [110].

A summary of important variables discussed in Section 2.1.3 regarding bacterial cell

attachment to a substratum has been provided below in Table 2.1.

Liquid Environment Solid Surface Bacterium
Hydrodynamics/flow/viscosity Roughness Species/strain
pH Hydrophobicity/hydrophilicity Flagella
Temperature Surface free energy Pili
Nutrients Surface charge EPS
Oxygen Conditioning film Cell adhesins (e.g. LPSs)
Electrolytes Cell surface

Charge/hydrophobicity

Table 2.1 Summary of key variables that can influence and induce bacterial cell attachment to

a substratum.

2.1.4 Biofilm Formation Phenotype

Biofilm formation from a planktonic to sessile phenotype is regarded as a
complex phenomena, and can be instigated by many external triggers that can induce
the activation of a subset of genes required for biofilm formation [54,111]. Bacteria
have developed multiple genetic pathways to respond to external triggers, which has
led to their ability to adapt to readily form biofilms as their preferred and most
prevalent natural form [2]. As a result, understanding and deconvoluting these genetic
pathways is a complex, multifaceted and still not clearly understood process [54].

External triggers can differ amongst organisms and can also rely on several dependent
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variables which include both environmental and other intrinsic factors. For instance, the
0517:H7 strain of E. coli is able to form mature biofilms on stainless steel only in low
nutrient media and low incubation temperatures of 12°C [112,113], whereas E. coli K-
12 strain is able to form biofilms on abiotic surfaces in a variety of conditions [114-116].
Other influencing variables include pH, oxygen content, bacterial strain, moisture,
conditioning film and fluid hydrodynamics which all play a varying role in inducing
biofilm phenotype development [116—121], some are briefly discussed in the following

section.

It has been argued that the presence of a suitable substrate is sufficient to trigger the
biofilm phenotype. For example P. aeruginosa was able to express algC, a biosynthesis
gene required for alginate synthesis, within minutes of attachment, although initial
attachment to the surface seemed to be non-selective for algC promoter activity [122].
Therefore, bacteria can sense the solid surface once attached which leads to inducing a
cascade of signalling responses or autoinducers that can trigger or heighten gene

expression to start the process to biofilm maturation and growth.

The biofilm phenotype does not emerge homogenously across a biofilm. Heterogenous
microenvironments are exhibited as a result of different local environments in the
bacteria vicinity, such as pH, live-dead ratio of bacteria, EPS and water content [123].
Scientists have demonstrated this effect most prominently through the concentration
gradients of oxygen, because oxygen fails to penetrate deep into a biofilm as it is
actively respired by outer cells [123]. An example to this behaviour was demonstrated
with E. coli by Beebout et al., where an oxygen gradient led to spatially distinct
expression of oxidases responsible for EPS production [124]. In fact, the development
of microenvironments has been divided into three distinct localities based on oxygen
and nutrient availability: (a) oxygen and substrate rich zone near the surface, (b)
intermediate substrate rich and oxygen depleted zone, (c) substrate and oxygen
depleted zone [125], see Figure 2.4. The latter microenvironment contains the persister

cells, that are tolerant to antibiotics and biocides by transitioning to a metabolically
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dormant state, which lack antimicrobial targets (without undertaking genetic

modifications) [48,126].
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Figure 2.4 Schematic illustration of a mature biofilm and the three distinct communities,

dependent on oxygen availability [127].

2.1.5 Types of Surfaces that can be Colonised

Bacteria can colonise many surfaces, given enough time, moisture and nutrient
availability. This includes living or dead tissue (e.g. lung and skin) and any inert surfaces
and anthropogenic materials (e.g. medical devices, industrial pipelines, ships, rocks)
[128]. In natural aquatic ecosystems, sessile microorganisms greatly outnumber the
organisms that are in suspension in the bulk [129]. In the food industry, biofilms are the
major cause of food contamination leading to food poisoning, despite the use of
disinfection procedures [130]. In medical environments, healthcare-associated
infections (HAIs) which are infections caused by contact from hospital and healthcare
facilities, are linked with an increase in morbidity and mortality, including device-
associated infections like catheters and ventilators [5]. The existence of pathogenic
microorganisms in drinking water is largely facilitated by their ability to form biofilms in
the inner walls of pipes of distribution networks [131], which can lead to waterborne
infections, biocorrosion, reduced heat exchange efficiency, cross-contamination and

distribution system failures [130]. The prevalence of a conditioning film makes it very
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difficult for any surface to evade biofilm contamination and development, particularly
for materials that are in an aqueous medium where conditioning film formation is
inevitable [132]. In fact, it has said to be impossible to develop a surface that cannot be
colonised by bacteria, while at the same time be harmless to humans and the
environment [86]. Biofilms can even exist at a gas-water interface, where hydrophobic
microorganisms can accumulate, with the bacteria utilising hydrophobic substance as a

nutrient source [127].

It has been suggested that when biofilm development on diverse synthetic material
substrates are compared, different microbial communities are exhibited at early stages,
however over time these communities become more similar, regardless of substrate
variations [133]. Nevertheless, this early-stage phase of bacterial attachment is a key
interest to scientists in order to modulate surfaces to inhibit, prevent or perturb the
formation of sessile bacteria. It has been shown that the type of surface is significant in
the genetic pathway used for biofilm formation. For example, bacterial attachment to
biotic and abiotic surfaces can be carried out by different genetic paths, with some
common features between both processes [76]. Watnick et al. discovered that V.
cholerae (the El Tor wild-type strain) can form biofilms on borosilicate substrates
(abiotic) using the mannose-sensitive hemagglutinin (MHSA) pilus which is not involved
in pathogenicity. Yet when V. cholerae was exposed to chitin substrates (a component
from the exoskeleton of crustaceans and one of the preferred niches for V. cholerae),
biofilm formation followed an MHSA independent pathway [134]. Therefore, suggesting
that the type of surface plays a significant role in determining biofilm formation

pathways and their phenotype [48,126].

2.1.6 Strategies for the Prevention and Removal of Biofilms

Prevention and removal of biofilms is difficult as surfaces can become re-
contaminated very easily. Nevertheless, there are four main antibiofilm approaches
which summarise the strategies that are used to both prevent and remove (weaken,

disrupt, and kill) biofilms, see Figure 2.5. Surface related technologies including coatings
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and surface modification approaches for the prevention and removal of biofilms have

been discussed in Section 2.2.

Prevention
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Figure 2.5 Antibiofilm strategies, summarised as prevention, weakening, disruption/dispersion

and killing strategies, adapted from the work of Bjarnsholt et al. [135].

Prevention

Prevention can be achieved by various routes, one of which includes the use of small

molecules to cause intrinsic changes to genes. For example, anti-virulence compounds

have been shown to inhibit gene expression of virulence factors that were found to

prevent the formation of S. aureus biofilms [136]. Some prevention mechanisms include

inference with EPS formation, like N-acetylcysteine that has shown continual reduction

of EPS in production of S. epidermis biofilms as the concentration of N-acetylcysteine
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was increased [137] . Additionally, prevention strategies have also looked at using ultra-
pure water as biofilm proliferation is rife in agueous environments, particularly if carbon
sources are present which is used by bacteria for growth. However, studies have shown
that even the removal of carbonous materials from water in the form of ultra-pure
water was unable to avert biofilm proliferation [138,139]. Several attempts have been
made to prevent biofilm formation through modifying and modulating surface
functional moieties to impart antiadhesive/antibiofouling properties, with varying

degrees of success. This approach is further explored in Section 2.2 in greater detail.

Weakening

Biofilm weakening strategies are important approaches as they could be combined with
other existing methods, like antibiotics, to eliminate infection and ultimately biofilm
proliferation. Disruption of autoinducers is one way of achieving this outcome and this
approach has been demonstrated in P. aeruginosa using a synthetic halogenated
furanone compound [140]. This compound has specifically repressed AHL-mediated
guorum sensing by reducing the production of important virulence factors and the
expression of certain genes that caused a loss of bacterial biomass, however this
chemical did not affect initial attachment [140]. Turbulent hydrodynamic conditions like
high liquid velocities can also affect quorum sensing, although this effect is less
prevalent in surfaces with crevices and cavities [141]. Efflux pump interference has
shown to also weaken the biofilm; for example S. aureus NorA efflux pump contributes
to resistance to many biocides, dyes, quaternary compounds and antiseptics [142].
Zimmerman et al. has established that nilotinib (a tyrosine kinase inhibitor) can inhibit
NorA activity which, when used with ciprofloxacin (an antibiotic), is able to significantly

reduce biofilm formation of S. aureus [142].

Disruption/Dispersion

Passive dispersal methods for biofilms include the use of dispersal agents such as the

chelating EDTA (ethylenediaminetetraacetic acid), or nitric oxide, that can disperse P.
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aeruginosa biofilms [143,144]. Alginate is the main component of the EPS for P.
aeruginosa and Boyd et al. revealed that the increased expression of an alginate lyase
enzyme substantially decreased alginate production, which in-turn resulted in an
increase in the number of detached cells [145]. Environmental cues like oxygen tension
has shown to cause sloughing of P. putida in an oxygen-limited environment [146].
Passive dispersal can be induced by mechanical triggers, such as ultrasound and
sonication regimes [147], however these approaches are limited in practise due to
operating costs. In dental care, fluid based shear is often used to remove biofilms which
has shown to drastically remove the levels of dental plaque, the biofilm that grows on

teeth, with increasing pressures and liquid velocities [148].

Killing

To kill cells in a biofilm, the biocide must penetrate the EPS of mature biofilms in order
to access the microbial cell [149]. Regular cleaning and disinfecting are the main
biocidal approaches used to prevent biofilm maturation and remove biofilms from
surfaces, including the use of detergents, solvents, ozone and/or heat exposure [150].
Commonly utilised disinfectants in the food industry include peracetic acid and,
guaternary ammonium compounds (QAC) like benzalkonium chloride. These
disinfectants typically kill bacteria by the disruption of the cell membrane and/or
interact with a number of cellular constituents [151,152]. Oxidising substances such as
chlorine and peroxo-acetic acids are also often used, particularly in water treatments
[149]. The WHO has advised that a residual concentration of free chlorine of 0.2 mg/L
is needed for water treatment [153], though some reports have found that the use of
chlorine in these systems is successful in removing planktonic bacteria, yet has a limited
effect in reducing the concentration of biofilm at lower levels of chlorine. However Liu
et al. has revealed that chlorine levels greater than 1 mg/L are required to inhibit
microbial attachment, with lower chlorine levels in fact promotes bacterial attachment
to surfaces [154]. Killing of biofilms using biocides with cleaning is enhanced by use of
mechanical forces, such as using automatic scrubbers, high-pressure cleaners and
hydrodynamic pressure through turbulent flow. Blanchard et al., demonstrated a 99.7%
increase in success of peroxo-acetic acid against biofilms in turbulent flow compared to
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laminar for P. aeruginosa [155]. Also, electric fields have shown to enhance biofilm
removal and increase the efficiency of biocides [156]. Surface based biocidal

approaches are further discussed in Section 2.2.

2.2 Antimicrobial Surface Modification and Coating Strategies

Antimicrobial surface development is a contemporary approach for dealing with
biofilms, which may be ‘antimicrobial’ and/or ‘antibiofouling’ [157,158], although the
term antimicrobial is generally also used by some as a summary of both approaches.
The antimicrobial activity of a material can be categorised further into two distinct
pathways depending on the response exerted by the bacteria, these are: (i)
bacteriostatic, which halt the growth and proliferation of bacterial cells; and (ii)
bactericidal, which kill the cells. This latter process can also be further categorised in
the form of lysis (bacteriolytic). On the other hand, antibiofouling refers to a materials
innate ability to repel, inhibit or perturb biological adhesion; all of which are antibiofilm
strategies, see Figure 2.6. The following section reviews a range of antimicrobial as well
as antibiofouling surface and coating strategies that have displayed a significant impact
on biofilm prevention and removal, as well as their limitations, applications and

capabilities.

Bacteriolytic

Bacteriocidal

Antimicrobial . . To cause bacterial
To kill bacteria .
To weaken, kill or damage the cell lysis.
biofilm from physical changes Baceriostatic

insued after a chemical or physical

exersion by the surface. To halt the further

growth of bacteria.

Antibiofouling

To repel, inhibit or perturb
microbial adhesion.

Antibiofilm Strategies

Figure 2.6 Graphical summary for the categorisation of antibiofilm strategies, and the key

terms used in this thesis.
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2.2.1 Antimicrobial Polymers

Though commodity polymers dominate the market, there is a growing interest
in developing speciality polymers, such as those adapted, modified and developed for
antimicrobial and antibiofouling applications, which are generally termed antimicrobial
polymers (AMPs) [159]. AMP strategies are broad and can be categorised into naturally
derived and synthetic polymers. There are two general approaches for the
incorporation of antimicrobial agents into polymers that lack intrinsic antimicrobial
activity. Firstly, antimicrobial activity can be achieved from the introduction of
antimicrobial agents with monomers, followed by their polymerisation. The second
approach is the coating or functionalising of antimicrobial agents onto the surface of
the polymer after the polymer has been manufactured, which is beneficial for industries
who outsource their polymer materials [160]. A brief summary of some of these

strategies has been presented in Figure 2.7.
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Figure 2.7 Hierarchal diagram of synthetic and natural antimicrobial polymer strategies.

AMPs have been evaluated since 1965, when Cornell and Dunraruma prepared
polymers of 2-methacryloxytroponones and compared their bactericidal activity to the
monomers they were derived from, although these were solution polymer studies

[161]. In the 1970s Panarin and co-workers investigated materials containing
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bactericidal quaternary ammonium compounds (QACs) which is now a widely explored
approach in AMP development and can be used for multi-purpose surface functions
[162-165], like antifogging and antimicrobial hydrophobic QACs [166]. Cationic QAC
polymers may exhibit the ‘graveyard’ phenomena when a layer of dead microorganisms
collect at the surface and act as a foundation for further microbial adsorption (similar
to a conditioning film), which in-vivo can even trigger an immune response and/or
inflammation [167]. Therefore, more recent QAC technologies have aimed to
incorporate both antibiofouling and bactericidal capabilities to prevent adhesion and
thus minimise the graveyard effect [168]. Another approach is incorporation of
antibiotics with polymers, for example the copolymerization of methacrylate with
modified Norfloxacin (an antibiotic used for urinary tract infections) with polyethylene
glycol (PEG) to form an antibiotic PEG-methacrylate polymer. However, such polymeric
conjugates come with a risk of facilitating the evolution of antibiotic resistance bacterial
strains [169]. Interest in antimicrobial peptides are also increasing due to their apparent
broad antimicrobial activity and recent studies having successfully demonstrated their
application in preventing the formation of dental biofilm of Streptococcus mutans in
rabbits after 24 h, following the grafting of the peptide onto the rabbits incisor surfaces
[170].

Another AMP approach are smart surfaces, which includes stimuli-responsive polymers
that have gathered attention for biomedical applications. These types of surfaces can
be thermo-, pH-, chemo- or bio-responsive in order to be activated [159]. For instance,
thermo-responsive polymers work by switching between a hydrophilic to hydrophobic
phase upon changes in temperature. Poly(N-isopropylacrylamide) is the most studied
polymer for this application which is able to switch phases at 32 °C in water [159]. A
recent study showed a shrinkable hydrogel of this polymer coated onto silica glass slides
was able to demonstrate varying adhesion capabilities to Chlorella vulgaris upon
modulating the temperature from 15 °C to 35 °C [171]. Other smart surface AMPs
include acid or enzyme utilisation for controlled bacterial attachment and/or death

[172,173].

PEG and similar structures such as poly(glycidol) [174] have been well documented,

including studies on their innate ability to exhibit antibiofouling properties against
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biofilm attachment [175], functioning as an alternative method to combat biofilm
growth by reducing bacterial adhesion during the early-stage of biofilm formation. One
of the most studied natural polymers with antibiofouling properties is the
polysaccharide hyaluronic acid [176]. In 1999 Morra and Cassineli coupled hyaluronic
acid onto poly(ethyleneimine) coated polystyrene surfaces where hyaluronic acid
exhibited a hydrophilic characteristic (22 °) which reduced the adhesion of S. epidermis

and E. coli by several orders of magnitude [177].

Another natural polymer with well reported antimicrobial properties is chitosan, a
polysaccharide derived from the N-deacetylation of chitin (CsH130sN)n, see Figure 2.8.
Chitin is the second most abundant biopolymer on earth, after cellulose [178]. The
degree of N-deacetylation is used to distinguish between chitosan and chitin, with
chitosan having N-acetyl-D-glucosamine units of less than 50% which also determines
the solubility limit of the polymer in dilute acid [179]. Chitin can be obtained from a
range of natural sources, crustaceans (shrimp, lobster, prawn, krill), insects (cockroach,
butterfly, wax worm, silk worm), algae (diatoms, brown algae, green algae), fungi
(Mucor rouxii, Aspergillus niger, Penicillium notatum) [180]. Chitosan and its derivatives
have been heavily studied and are widely regarded as a highly effective class of AMPs
against bacteria, fungi and viruses. Yet its effectiveness heavily relies on several key
variables surrounding its preparation and synthesis including the degree of
deacetylation (DDA), concentration, molecular weight (MW), chemical modifications,
and the microorganism being tested. Some contradictory studies have been reported
[181]. For example, the effect of MW on chitosan’s antimicrobial properties is highly
debated; in one study an increase in MW corresponded to a decrease in fungal growth
of Candida tropicalis and Candida parapsilosis [182]; whereas, Tong and his co-workers
have shown that Cryonobacter malonaticus was inhibited severely by both high and low

MW chitosan [183].
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Figure 2.8 Molecular structure of chitin and chitosan derived from the deacetylation of chitin

[184].

In terms of DDA, generally it is regarded that the antimicrobial activity is heightened
with increased DDA levels. This behaviour is because more free amine groups are
present at high DDA’s which is generally considered to be chitosan’s biocidal active
agent [181]. This trend was also observed with biological cells (e.g. fibroblast and
keratinocyte) adhering and developing on chitosan films [179]. It has been argued that
the effect of MW is greater than DDA on the antimicrobial performance of chitosan
[185]. The advantage of using chitosan is its broad spectrum antimicrobial activity with
low toxicity for mammalian cells [179,186]. Chitosan can also be incorporated with
other known antimicrobial species for enhanced antibacterial activity, such as silver or
Zn0 [187,188]. The mechanism of antibacterial activity of chitosan has been proposed
by Chung and Chen to occur via a two-step sequential process. The first step involves
an initial separation of the cell wall from the cell membrane, and the second step
contains the destruction of the cell membrane [186]. This mechanism was determined

by comparing the leakage of nucleotides during chitosan exposure in E. coli and S.
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aureus to the known biocidal agents of EDTA and polymyxin B. EDTA has been known
to destroy the cell wall (especially for Gram-negative bacteria) by chelating with Ca®*
and Mg?* species in the wall, whereas cationic polymyxin B can react with anionic
phosphate groups of phospholipids in the cell wall which destroys the cell membrane
and increases permeability. For EDTA a smooth curve was seen for detected nucleotides
released, whereas a linear increase was seen in polymyxin B; comparison of these
trends with chitosan plots led to an undiscovered two-step antimicrobial mechanism of
activity for chitosan, based on nucleotide leakage [186]. Other reports have also
concluded chitosan interferes with the cell wall of microorganisms which leads to the

leakage of internal electrolytes, including nucleic acids [185].

2.2.2 Metal and Metal Oxide Coatings

Metals have been used as antimicrobial materials for thousands of years. For
instance Persian kings would only use silver cups as it was known to keep the water
fresh for years, and Egyptians in 2000 BC (4000 years ago) used copper to sterilize water
and wounds [189]. Also, ancient Egyptians, Indians, Persians, Phoenicians, Greeks and
Romans have utilised copper and silver to disinfect water and preserve food [190]. The
antimicrobial properties of metals and their oxide derivatives have been employed in
many applications throughout history, yet their use in medicine diminished rapidly after
the discovery of antibiotics in 1920 by Nobel laureate Sir Alexander Fleming [191]. The
Organisation for Economic Co-operation and Development (OCED) has classed four
metal and metal oxide nanoparticles to be of high interest due to their inherent
properties and widespread use; cerium oxide, silver, zinc oxide and titanium dioxide
[192]. Their applications range from glass polishers, purifiers, heat-resistant coatings,
fuel additives, deodorants, paints, cosmetics, animal feeds, fertilisers and sunscreens to
name a few [192], therefore their use in consumer facing products is already well
established. In addition, many metals and metal oxide nanoparticles have shown to
exhibit excellent antibiofilm properties against both Gram-positive and negative
bacteria. The emergence of antibiotic resistance strains of bacteria from gene

mutations has led to a renewed interest in metal and metal oxide nanoparticles as a
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possible antimicrobial solution. Antibiotics attack bacteria using one mechanism,
whereas metallic species can potentially utilise differing mechanisms. The antimicrobial
mechanisms used by metals and metal oxide nanoparticles are well known, and follows
one or more of the following mechanisms [193] listed in points (1), (2) and (3) below.
The primary mechanism involves oxidative stress from reactive oxygen species (ROS) as
a result of metal ion dissolution, which may lead to nucleic acid damage, protein

oxidation or disruption and disarrangement of the bacterial cell membrane [192].

(1) Mechanical damage to cell wall from electrostatic interaction
(2) Oxidative stress from ROS

(3) Disruption of protein and cell structures from metal cations

The synthesis of metal oxide nanoparticles can be achieved using a sol-gel method
which involves the hydrolysis of metal organic compounds to produce a metal
hydroxide network [194]. Employment of a sol-gel method is advantageous because the
thin-film coating on a substrate can be attained through synthetically simple and low-
cost means, such as dip-coating, spin-coating and laminar-flow coating; see Figure 2.9.
The sol-gel method is a facile approach to obtain a coating because of its low cost in
synthesis and preparation, no need of high temperatures, and is easy to deploy to

obtain a uniform thin-film coating on complex substrate shapes [195].
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Figure 2.9 Illustration of spin-coating, dip-coating and laminar-flow coating methods [195].

Metal oxide nanoparticle coatings exhibit varying degrees of efficacy. Azam et al. has
examined ZnO, CuO and Fe,03 metal oxide films, reporting that ZnO possessed superior
bactericidal properties against Gram-positive and negative bacteria with its bactericidal
activity in the order of ZnO> CuO > Fe;03 [196]. ZnO has also been examined as a coating
on dental implants by deposition onto titanium disks, with a live/dead cell viability assay
revealing cell death with an associated 74% reduction in biofilm biomass [197]. A
combination of metal oxides can be used to achieve enhanced mechanical and
antimicrobial properties, such as ZnO with TiO, which displayed excellent antimicrobial
activity against P. aeruginosa. TiO3 is a corrosion resistant material and ZnO provides a
bactericidal impact with the release of Zn?*ions [198]. Additionally, it has been found
that ZnO nanoparticles can show enhanced antimicrobial performance when
accompanied by light-activated antimicrobial agents like photo-sensitisers. These light-
activated antimicrobials can damage bacteria through the production of harmful ROS
via photodynamic therapy. This ultimately leads to oxidative damage and bacterial cell
death. Commonly used photo-sensitizers include crystal violet, for instance Noimark et
al. revealed that crystal violet and di(octyl)-phosphinic-acid-capped ZnO 3-4 nm

nanoparticles can be incorporated into medical grade silicone and show antimicrobial
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performance against both S. aureus and E. coli, with heightened results observed in the
presence of light [199]. Optimisation of such a strategy showed that oleic acid-capped
crystal violet-ZnO coated on polyurethane sheets to be highly effective in reducing E.
coli biofilm viability even further after 4 h in the dark, as well as phosphinic acid-capped
crystal violet-ZnO being highly efficacious against an epidemic strain of methicillin-

resistant S. aureus under light [200].

Alternatively, SnO, demonstrated numerous examples of promising antibacterial
capabilities [201-205]. It is an n-type semiconductor with a wide band gap that affords
many uses, including conductive transparent electrode in solar cells, self-cleaning
surfaces, rechargeable batteries and anti-reflection coatings [202]. SnO2 nano-rods
incorporated into polymers have afforded excellent bactericidal functionality against S.
aureus and E. coli, which was enhanced with UV light exposure, whilst no cytotoxicity
found to human skin cells (normal human dermal fibroblast cells) in the study [205].
Additionally, it was found that the SnO2 nano-rods also reduced wear and friction rates
as an added advantage to loading throughout the polymer material [205]. The activity
of Sn0; is thought to proceed via ROS production, which explains why it is photo-
catalytically enhanced through UV and visible light exposure [205]; further reports have
also shown that the surface charge of SnO; can interact and disrupt the membrane of
Gram-negative bacteria [206]. Additionally, composite Sn0;-ZnO sol-gel thin films
coated onto glass substrates showed bactericidal activity against E. coli even in the dark
[207]. The success of this metal oxide has crept through to industrial applications, such
as for water treatment technologies. Aqua Metrology Systems Ltd (a company that
provides water quality analysis and remediation) utilises SnO as a foundation for one
of its technologies (called SafeGuard™) which is an in-situ SnO2 generator that acts as a
biocide for drinking water and cooling systems against biofilms and remedies
biocorrosion and biofilm proliferation. The SnO; also provides additional benefits of
reducing Cr** to Cr?* in drinking water, removing dissolved mercury, as well as providing

selenium and lead recovery [208,209].

Silver nanoparticles can be loaded in polyelectrolyte multilayers [164], hydrogels
[210,211], and polymers [211] to achieve antimicrobial coatings and films for AMP

technology development. Aymonier et al. synthesised a hybrid system of silver
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nanoparticles (1-2 nm) with amphiphilic modified poly(ethyleneimine) polymer, in
which the silver nanoparticles were effective in reducing the number of E. coli cells by
98% [212]. Other examples include a uniform hydrogel-silver nanocomposite that
revealed enhanced bactericidal activity against E. coli [210]. A separate study found that
silver nanoparticles imbedded in a polymer sol-gel coating resulted in a 99.9% Kkill
efficiency for Lactobacillus plantarum [211]. A mechanistic study found that silver
species disrupted multiple cellular processes (e.g. TCA cycle) and was capable of
disturbing Fe-S clusters through increased ROS levels, and silver also showed to affect
membrane permeability of E. coli in this study [213]. Overall, silver infused coatings
have shown to be very popular and beneficial, but large-scale use of silver for
antimicrobial practises can be costly, particularly if the silver surface needs to be
replenished or re-coated as the silver content diminishes. Nevertheless, the use of silver
is the most commonly employed technique for the industrial manufacturing of
antimicrobial materials in the real world, global company suppliers for public consumer
needs include Microban®, SportingTex ® and BioCote® to name but a few commercial

examples.

The antimicrobial performance of metals and metal oxides is heavily influenced on the
size, shape and even crystal structure of the nanoparticles [206]. For instance, Luna-
Velasco et al. investigated the effect of SnO, nanoparticle size compared with bulk SnO;
on the toxicity of Bacillus Subtilis (B. Subtilis), comparing 2 nm, 40 nm and a flower-like
800 nm SnO; species. It was observed that the smaller particle sizes offered greater
hydrodynamic advantage and stability, it also afforded the best toxicity against B.
Subtilis, although these were solution based studies [206]. Lin et al. observed that TiO;
with an anatase crystal structure and a smaller particle size produced higher
intracellular ROS species and malondialdehyde (stable end-product of lipid peroxidation
and marker for oxidative stress), which afforded greater bactericidal results [214]. The
toxicity of these nanoparticles may also differ with the microorganism tested, for
instance due to varied membrane compositions [215]. Toxicity of metals and metal
oxides based on bacterial cell membrane composition vary on a case by case basis. In

some instances both Gram-positive and negative bacteria exhibited sensitivity, whereas
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in other cases Gram-positive [216-218], or Gram-negative have shown superior
sensitivity over the other [219]. Susceptibility of Gram-negative bacteria is also
proposed to be due to the lipopolysaccharide molecules coating the bacteria which are
negatively charged, and have a high affinity for most of the ions from the nanoparticle
release (cations) which leads to increase ion uptake and intracellular damage [220].
Although both Gram-positive and negative bacteria are considered to have an overall
negative surface charge, E. coli has been found to be more surface negatively charged

and more rigid than S. aureus [220,221].

Use of metals and metal oxide coatings are also limited by their application scope, as
once the concentrations of the active species/coating are reduced below a critical
threshold level, the antibiofilm performance can be lost. This may be a problem for
complicated and high shear systems, such as in water wells. For instance, field scale
experiments of a copper coating for parts of a water wells were highly effective, but
when coated on screens, casings and riser pipes in water wells in a real-world system,

the coating eroded and oxidised, which rendered this approach ineffective [222].

Nevertheless, metal and metal oxide nanoparticle technologies can be incorporated
and combined with other methods to achieve a synergistic and optimised antimicrobial
surface with enhanced benefits. For example, the use of iron-based nano-structured
surfaces [223] that incorporates topographical and chemical biocidal traits, or Au-
chitosan coatings that contains bactericidal chitosan and Au components [224]. Table
2.2 summarises metal and metal oxide nanotechnologies, inspired by the review from

Mi et al. [225].
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Nanotechnology | Mechanism of antimicrobial Microorganisms References
activity
Release of Ag*; ROS generation;
membrane permeability; E. Coli, Lactobacillus
Ag disruption of Fe-S clusters/Fe plantarurum, [211,212,226]
levels in cell
E. coli, Bacilus sp.,
ROS generation; membrane Phaeodactylum
226,227
Cu permeability; Cu?* release tricornutum, Cholera [226,227]
sp.
Au Membrane permeability S. aureus [228]
Zn0 Release of Zn%*; ROS generation P. aeruginosa [198]
Sn0, ROS generation E. coli [201]
Tio, ROS generation; .n.wembrane E. coli, Ba'c'///us [229]
permeability megaterium,
Table 2.2 Summary of nanotechnology used for antibiofilm applications, including

nanotechnologies incorporated on surfaces in the means of films, coatings, or composites.

2.2.3 Surface Energy

Fluorination as well as silicone based coatings and surface treatments are rising
in popularity because they impart low surface energy properties to a material of
interest. Many have suggested and found that low surface energy surfaces encourage
reduced microbial and biological attachment, including Baier who discovered a negative
correlation between bio-adhesion and surface free energy (SFE). This relationship is
familiarised as the ‘Baier Curve’ which Baier originally proposed it in 1968 (Figure 2.10)
[230,231], and has guided marine coating design for many years [232]. Baier defines a
antibiofouling surface with critical surface tension between 20 — 30 mN/m as a “theta
surface”, with its antiadhesive nature afforded from its specific surface physical
hydrophobic parameters; see Figure 2.10 [233]. This specific surface energy range for
the theta surface is related to the critical surface tension to spread water on a substrate

as 22 mN/m [233].
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Figure 2.10 The Baier Curve, proposed by Robert E Baier showing the relationship between
critical substratum surface tension and antibiofouling properties of a surface [233]. (Permission
to publish this figure has been obtained using RightsLink®, License Number 5036471321739, in

courtesy of Baier, Zimmerman and co-workers).

The observation of real-world scenarios have been used by Baier to support this
hypothesis, like hydrophilic contact lenses that become surface contaminated by
proteins [233], but has also been supported by other reports. For example, the fluorine
functionalisation of PET showed a 98% inhibition of bacterial growth of P. aeruginosa
[234], and a silicone infused polyurethane catheter significantly reduced E. coli and S.
epidermis biofilm formation due to its low surface free energy properties [235].
However, studies have also compared the use of superhydrophobic surface to a slippery
oil-coated surface and found that the adhesion of E. coli and S. aureus was ~98% lower
for the slippery surface than the superhydrophobic surface [236]. Interestingly, the
incorporation of crystal violet, a light-activated antimicrobial agent, to this slippery
surface provided an added bactericidal performance for heightened antimicrobial
activity in the presence of light which achieved a >3 log reduction, amounting to 99.9%

kill for both E. coli and S. aureus [236].
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Although in many instances antibiofouling has been exhibited by surfaces with low
surface free energy, also supported by the Baier Curve, there are plenty of examples of
hydrophilic coatings with no intrinsic bactericidal property that demonstrate reduced
bacterial attachment, such as the previously introduced hyaluronic acid coating
approach [177]. Hydrophilic materials that exhibit good resistance to bacterial adhesion
are explained by the “Water Barrier” theory, which is often used to describe
antiadhesive behaviour particularly for PEG-based polymers which are known for their
antibiofouling properties. Chen and Zheng have reviewed the antibiofouling pathway of
poly-hydrophilic and poly-zwitterionic materials where it is thought that the formation
of a strongly bound surface hydration layer on the polymer surfaces can serve as a
physical and energetic barrier to prevent the adhesion of bacteria and proteins

[237,238].

The physical properties of surfaces, hydrophilicity and hydrophobicity, have also been
shown to drastically affect bacterial morphology and community biofilm structure. The
marine bacterium SW5 has found to grow in tightly packed multi-layered biofilms on
hydrophobic surfaces, whereas on hydrophilic surfaces, fewer cells attach and cell
division is influenced with the formation of longer cells that become loosely entangled

and unstructured, and thus less densely packed biofilms form [239].

It can be concluded that the influence of SFE on biofilm proliferation is organism,
substratum and environmental dependent, with often many variables in play.
Therefore, it cannot be assumed that a low or high surface energy material is
intrinsically sufficient to produce an antiadhesive AMP, with topography, surface
chemistry, organism strain, pH, and the presence of biocidal active agents, being some

of the additional factors needing consideration.

2.2.4 Surface Topography

The degree of surface roughness of a material is an important variable that
affects bacterial attachment. Many natural surfaces such as insect wings and plant
leaves contain intentional and distinct surface topographical features which impart

antibacterial properties for self-protection and self-preservation. For example, the
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Clanger cicada insect has wings with spiked nanopillars that have successfully shown to
kill P. aeruginosa due to the topography of the surface alone, with most bacteria being
found to be dead 5 min after contact with the insect wings. Bacterial viability analysis
and scanning electron microscopy (SEM) imaging has confirmed that cell death was
caused by the mechanical rupture of the cell wall, with the subsequent spreading of
internal bacterial components outside of the cell. lvanova and co-workers coated these
wings with a very thin gold coating which increased the substrate’s SFE but did not
change the surface topography; yet the biocidal property of the surface was still
preserved [240]. This demonstrates that the antimicrobial property exerted was solely

topographical in nature.

The idea of self-cleaning surfaces was introduced by Bartholott and Neinhuis in 1997
whilst investigating the superhydrophobic lotus leaf. This leaf repels water due to its
uniquely designed surface microstructures which includes trichomes, cuticular folds and
wax crystals [241]. Bartholott and Neinhuis discovered that even after exposure of the
lotus leaf to various microbial species, upon rinsing with water these organisms were
completely removed and could not irreversibly bind to the leaf’s surface [242]. Part of
the microbial repelling ability was attributed to the reduced contact area between the
cell and the surface, as droplets would sit at the top of epicuticular wax crystals [242].
It was established that the combination of surface topography and epicuticular wax with
the hierarchal surface structure provided an optimised repellent and self-cleaning
surface [243], see Figure 2.11. Other researchers have used the lotus leaf model to
manufacture materials with comparable features in order to impart similar repellent
and antibiofouling properties. Examples of this work include, nano-functionalised
superhydrophobic coatings [244], etched and fluorinated polymer surfaces [245], and
the world’s first self-cleaning metal which has been developed from the TresClean
project (funded by the European Commission) achieved through laser-processing for

high-throughput applications, with scaling up currently underway [246].
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Figure 2.11 Summary of self-cleaning mechanism of the lotus leaf due to surface microstructures
(right) upon exposure to water droplets/rinsing, compared to surface that does not have these
features (left) [242]. (Permission to publish this figure has been obtained using RightsLink®,
licence number 5162540828197, in courtesy of Bartholott and Neinhuis).

Surfaces inspired by the skin of fast-moving sharks (Sharklet AF™) is another well-
known case of a topography driven antimicrobial surface. The 2 um spacing circular
pillars were engineered to enhance hydrophobicity with dimensions smaller than the
Ulva spore, a eukaryotic alga cell, thus the Sharklet AF™ design has been a
biomimetically inspired design rather than a being a biomimic material [247]. This
material was the first reported study to reduce Ulva adhesion by 86% using a
topography modulated surface by Carmen, Schumacher and co-workers [247,248]. The
success of this material led to several extended publications by Schumacher et al. who
revealed the success of Sharklet AF™ against adhesion of various algal
zoospores/spores and S. aureus, [247-251], as well as other reports which showed the
efficacy of Sharklet against S. aureus (MRSA and MSSA), P. aeruginosa, E. coli, Klebsiella

pneumonia and Acinetobacter baumannii [252—-254].
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2.3 Bacteria and Biofilm Growth Curves

As prokaryotic organisms, bacteria replicate by binary fission which affords a
rapid exponential growth rate under favourable conditions. This growth follows a
predictable pattern of bacterial population growth that is well studied and accepted for
a closed system [255], and is regarded as the bacterial growth curve that follows four
distinct phases of progression: lag, exponential (log), stationary, and death phase, see

Figure 2.12.
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Figure 2.12 A representation of bacterial growth in a culture medium in a closed system,

graphically depicting the four growth phases that describe the bacterial growth curve [255].

The initial lag phase corresponds to cellular activity without population growth. This
analysis is based upon a small aliquot of concentrated cells having been introduced to
a nutrient rich medium. Subsequently, the log growth phase follows, where bacteria are
doubling in numbers from binary fission. During this phase metabolic activity is high and
typical treatment methods like antibiotics are effective as species involved in bacterial
growth and metabolism are antimicrobial targets. The stationary phase involves a
decline in nutrient availability and increase in waste products, during this phase bacteria
may adapt to generate virulence factors that can help them to survive in harsh
conditions. Continuous decline of nutrient availability leads to the death phase which

translates to the number of living and viable cells to decline and lysis. The dying and
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lysed bacteria provide nutrients to surrounding cells to enable them to survive for a

longer period.

Biofilm accumulation on a surface follows a sigmoid curve function, see Figure 2.13. The
figure inset at the very beginning of the curve highlights that the accumulation process
occurs immediately and results in a thin biofilm layer present during the early induction
phase. This thin biofilm layer can also be termed as an early-stage biofilm. During log
accumulation a mature biofilm begins to form and is fully perpetuated by the plateau

phase.
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Figure 2.13 Progression of biofilm accumulation, A is the biofilm accumulation parameter and
corresponds to film thickness, mass, cell number etc. The inset is emphasised to show that the
accumulation process happens almost immediately. This graph was adapted from Flemming et

al. [127].

2.4 Bacterial Selection

Most bacteria can be divided into two groups based on the Gram-staining
reaction. This reaction is the crystal violet test, whereby Gram-positive bacteria can
retain the dye and remain purple and for Gram-negative bacteria a pink/red stain is
observed instead. The difference in staining is dependent on the composition of cell

wall and outer membrane between the two. Gram-positive bacteria have thicker and a
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more well-defined outer cell wall (peptidoglycan) with an underlying cell-limiting
plasma membrane, the wall represents 15-30% of dry weight and constitutes part of its
cellular rigidity. On the other hand, Gram-negative bacteria have a thin peptidoglycan
layer between the inner-plasma membrane and outer-membrane, see Figure 2.14
[256,257]. The peptidoglycan is a single covalently linked polymer network of cross-
linked amino-sugars, it forms a protective mesh that defends bacteria from physical

stresses, osmotic pressure and internal turgor [258].
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Figure 2.14 Diagram of the cell wall and membrane structure for Gram-negative and -positive

bacteria [257].

Bacteria can also be categorised through their capacity to form spores; a spore is a
dormant survival cell which can endure harsh and stressed conditions. For example, all
fungi can produce spores, however not all bacteria are capable of forming spores.
Bacterial spores are not for reproduction (unlike fungal spores) but are for survival. A
spore-forming vegetative bacterial cell (actively growing cell) can produce a protective
layer (spore) around its DNA until favourable conditions arise in which the spore coating
is dissolved and vegetative cell functions resume; therefore, bacterial spores are
extremely resilient and can survive draught, and even low pH environments. Examples

of spore forming bacteria are Bacillus (aerobic) and Clostridium (anaerobic) species.

The most prevalent biofilm producers belong to the genera Pseudomonas,

Enterobacterm, Flavobacterium, Algaligenes, Staphylococcus and Bacillus [259].
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ESKAPEE constitutes a collection of bacteria that are known to show resilience and
resistance to commonly used products and treatments, they comprise of Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P.
aeruginosa, and Enterobacter spp., and E.coli (ESKAPEE) [260]. Therefore, it isimportant
to include an ESKAPEE organism for testing the efficacy of antimicrobial materials, due
to their prevalence and resistant properties. The following segment (Section 2.4.1,2.4.2
and 2.4.3) describes in more detail the three chosen microorganisms for this research

project: Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli.

2.4.1 Pseudomonas aeruginosa

P. aeruginosa is an opportunistic ubiquitous aerobic Gram-negative bacterium
that is motile, rod shaped and non-spore forming, see Figure 2.15. It is the most
researched microbe due its innate ability to readily form biofilms. It is known as one of
the greatest biofilm producers and it can proliferate and exploit various environmental
niches. P. aeruginosa largely affects immunocompromised individuals and is particularly
prevalent in cystic fibrosis patients; it is also the second most common cause of
ventilator-associated pneumonia [261]. Resistant forms of P. aeruginosa affects
100,000s of people every year including causing over 60,000 infections in Europe alone
with about 4,000 attributable deaths annually [262]. Furthermore, P. aeruginosa
biofilms are a major concern in water pipelines as a leading bacterial contaminant, and
can even survive and proliferate in nutrient deficient conditions such as in distilled
water for extended periods of up to 42 days [16,263-265]. P. aeruginosa is
pleomorphic, meaning it is able to change its size and shape in response to
environmental cues, though it cannot produce spores [266]. P. aeruginosa exhibits
twitch motility to form biofilms. In fact, mutant forms of P. aeruginosa with defective
flagellar motility were unable to produce even a monolayer of cells on a surface, whilst
mutants that were deficient in IV pili formed monolayers but not cellular aggregates.
This research suggests that flagellar motility is key for P. aeruginosa primary adhesion,
and type IV pili are required for cellular aggregation processes to form a biofilm

[56,129].
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Figure 2.15 Left, P. aeruginosa PAO1 SEM micrograph adherent on a polyethylene terephthalate
polymer surface, courtesy of Bruzaud and co-workers, license number 5040770845609 [267].
Right, illustration depicting the three key surface appendages of a bacterial cell (fimbriae, pili,

flagellum) that can aid in motility.

2.4.2 Escherichia coli

E. coli is another Gram-negative, rod-shaped, motile, non-spore forming
facultative anaerobic bacteria that readily forms biofilms. SEM images of E. coli are
shown in Figure 2.16. E. coli has become a model for understanding essential cellular
processes, with a completed genome sequencing comprised. The formation of E. coli on
catheters for example, has made catheter-associated urinary tract infections (UTI) one
of the most frequent nosocomial infections, and has been recognised as the main cause
of infection in 90% of all UTI cases in ambulatory patients [268]. E. coli is used universally
as a marker microorganism to assess quality of drinking water as E. coli is rampant in
faecal-contaminated water [269]. E. coli has multiple peritrichous flagella, fimbriae and

pili which aids in its motility, surface adhesion and biofilm maturation [270].
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Figure 2.16 SEM micrograph of E. coli, provided by Ashmore and co-workers (open access

document).

2.4.3 Staphylococcus aureus

S. aureus is a Gram-positive, non-motile, non-spore forming, spherical and
facultative anaerobic bacterium. It has an extraordinary capacity to attach to surfaces
such as medical devices by readily binding to proteins and conditioning films, see Figure
2.17 [271,272]. It is a major cause of nosocomial and community-acquired infections,
particularly playing a role in chronic infection from biofilm maturation on medical
implants, where for instance S. aureus is the leading source of orthopaedic implant
infection as well as nosocomial pneumonia, and the second leading cause of nosocomial
bloodstream infection [273,274]. In 2017, approximately 120,000 cases of S. aureus
bloodstream infections were reported, these led to 19,832 associated deaths in the USA
alone [275]. S. aureus is also a major problem in the food and dairy industries as it can
form biofilms on food contact surfaces. In fact, annually it was estimated that
domestically acquired foodborne illnesses from S. aureus accounted for 241,188
ilinesses, 1604 hospitalisations and 6 deaths in the US [276]. S. aureus is described as

non-motile as it lacks obvious motility mechanisms such as flagella, and therefore

76



motility is limited to sliding, darting, carriage by fluid or Brownian motion which are

considered as passive motility processes [277].

200KX 110mm

Figure 2.17 Scanning electron micrograph of S. aureus , kindly provided by Pandey et al. (open

access document under Creative Commons CC BY license) [278].

2.5 Polymer Surface Selection and Treatments

2.5.1 Polymer Selection

The polymers selected for surface modification in this project to form antimicrobial
materials has been based on two key attributes, firstly the chosen polymers must be
common industrially used materials, and secondly, they must be compatible with
chemical sterilisation methods such as ethanol cleaning. This factor is important, as
autoclaving may destroy certain surface modifications performed, and some polymers
also have low melting points. Below is a list of common industrial polymers and their

suitable sterilisation methods, see Table 2.3.
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Sterilisation Applications

Polymer Common Derivatives
Very-low density Electron beam,
(VLDPE), Low-density gamma radiation, Containers, packaging films,
(LDPE), Medium density ethanol cleaning pouches, lid stock, breather
Polyethylene . . .
(MDPE), High density (can cross-link under | patches, face masks, headers for
(HDPE), Ultra-high high energy bags.
density (UHDPE) radiation)
Homopolymers are used for
Autoclaved, ethanol th(.ermos-for'mlng, s'.lt film aynd
cleanin orientated fibres, high clarity,
g syringes, closures, sutures and
Homopolymer, (needs to be
Polypropylene - . gowns. Copolymers are used for
copolymer stabilised to survive .
. food, household chemicals,
sterilisation by .
radiation) beauty aid products, face masks,
clear containers and hot fill
applications.
Ethanol cleani
thano cef"ml.ng, Diagnostic instrument,
gamma radiation, disposable laboratory ware, petri
Expanded (EPS), electron beam, UV P ) ) v P
. dishes, tissue culture
Polystyrene Extruded (XPS), sterilisation )
. components, flasks, pipettes.
High Impact (HIPS) (steam and autoclave . .
High impact used for medical
are not .
devices and laboratory ware.
recommended)
| | D | tool ical
Genera.pu.rpose/crysta, Ethanol cleaning . ental tools, s.urglca _
high impact, . instruments, surgical device
. . (steam and high heat .
Polyester syndiotactic, cables and tubing, cannulae,
Polyethylene not recommended ackaging, syringe pump, high
yethy due to low T) p ging, syringe pump, hig

temperature caps
Widely used in medical devices
due to ease of processing and
low cost; used for luer

terephthalate (PET)

Polyvinyl Gamma radiation, connectors, Y-sites, blister packs
yviny Type |, Type Il and CPVC | ethanol cleaning and g ’ packs,
chloride packaging, bottles, fluid
autoclave. .
transport tubes, drip chambers,
pull rings, oxygen facemask,
gloves.
Gamma radiation Clear disposable plastics, chest
Homopolymer, . . . . .
(ethanol cleaning and drainage units, medical spikes,
Polyacrylate copolymer and
steam not check valves, adaptors, catheter
terpolymer .
recommended) accessories.

Ethanol cleaning

.g. PTFE (li _— .
Fluoropolymers ?‘Iﬁoro ol( msf)r (y radiation can Fittings, valves, pumps, tubing.
poly degrade PTFE)

. Safety glass, room divider, bab

Ethanol cleaning, 8 . I . v
amma irradiation bottles, medical devices,
Polycarbonates e.g. Bisphenol A-based & ! refillable water bottles,

autoclave. .

automatic components,

beverage containers.

Table 2.3 Summary of common industrial polymers, their derivatives, means of sterilisation and

applications. Information largely sourced from McKeen [279].
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2.5.2 Polymer Surface Treatments and Oxidisation Methods

Many common polymers are inert materials, and therefore it is not easy to graft,
coat or bind antimicrobial agents and coatings on their surfaces. Furthermore, polymers
generally contain additives that can migrate to the surface which can form a weak
interfacial layer which can also reduce coating surface adhesion. Activation of a polymer
surface prior to surface coating can be performed through a pre-treatment process.

These can be classified into:

e Mechanical

e Thermal

e UV light, discharge/plasma/corona
e Solution based-chemical treatments

e Chemical additives

Pre-treatment through chemical oxidisation is a common strategy in industry to
improve surface hydrophilicity, adhesion, printability, biocompatibility of polymers such
as for medical textiles, electroplating of surfaces, and for the general enhancement of

adhesion of materials or coatings to polymer substrates [280-283].

Early work by the Whitesides’ group in 1977 has shown that successful PE oxidisation
can be achieved by a combination of concentrated chromic acid treatment followed by
a nitric acid exposure, producing a surface containing high yields of carboxylic
functionality, with the film being referred to as ‘poly-ethylene carboxylic acid’, although
aldehydes and ketones groups also were found on the surface at lower concentrations
[284]. Vancso et al. has shown that such oxidised PE materials show a positive
correlation between immersion time in the etching solution and consequent changes
in substratum hydrophilicity, thus the surface functional groups formed [285]. This
correlation levelled off rapidly after an initial steep increase in wettability, and was also
mirrored in changes to surface roughness which increased significantly during the first
5-10 min of exposure with little change after 15 min [285]. Alternate chemical
oxidisation solutions include sulfuric acid at elevated temperatures which after 8 h, was
found to increase the roughness of a PE sample by 0.258 um [286]. Nitric acid polymer

oxidisation can also be performed but higher temperatures (> 30 °C) are needed than
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required for sulfuric acid etching. Also the procedure is more difficult and hazardous,

with the release of hazardous brown NOy fumes [287].

Ultraviolet/ozone (UVO) treatment is a gas phase approach that can oxidise polymer
surfaces. This treatment is an effective method because it utilises an affordable and
relatively low-cost instrument without the need for chemical preparation steps that
may be hazardous such as strong acids. The UVO instrument works by feeding oxygen
gas into a reactor where the sample is UV irradiated (at 184.9 nm) to produce excited

state oxygen O; from molecular oxygen that ultimately forms O3 ozone. Ozone is re-
irradiated (253.7 nm) to produce both molecular O, and atomic oxygen O°, with the

atomic oxygen being an ROS [288]. Polymers can be oxidised by atomic oxygen,
molecular oxygen and ozone via abstraction of hydrogen to give radical carbon sites
[288]. Sham et al. has prepared a detailed review that elaborates on UVO polymer
oxidisation processes [288]. There is a positive correlation between increasing UVO
oxidisation treatment time and an increase in the presence of surface oxidisation
functional groups and more highly oxidised species (i.e. more carboxylic acids and less
ketones/ethers) [288]. UVO treatment has also been found to cause increased surface

topographical roughness [288].

Another common method is corona discharge treatments. Corona treatment involves
exposure to an atmospheric pressure air electric discharge. This discharge will
accelerate electrons onto the polymer surface to cause hydrocarbon chain scission and
in turn produce free radicals that form carbonyl moieties via reaction with ozone [289].
Generally, it is observed that polyesters are more easily oxidised with low power corona
discharges, whereas PP requires significantly higher power densities to increase the SFE
[289]. Corona treatment is widely used in industry and can introduce N and O containing
species onto a surface following chain scission and subsequent oxidisation, providing a

surface rich in carbonyl and other oxygenated groups [290].

Plasma surface modification uses exposure to a high frequency plasma to produce free
radical surface species that can react with surrounding polymer molecules and the
plasma-phase species [289]. Low-pressure plasma processes requires a vacuum

environment, whereas atmospheric pressure plasma treatments do not [289].
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Oxidative treatment methods are heavily used in AMP coating strategies for improved
thin-film adhesion or for functionalisation of an antimicrobial technology (coating) onto
polymer materials. However, the antimicrobial performance of these pre-treatment
oxidative approaches is not always included as controls in many studies, and thus their
intrinsic performance as antibiofilm treatments are not fully understood. For example,
Li and co-workers have utilised oxygen plasma treated polyurethane substrates and
polyvinyl fluoride substrates to coat with quaternary chitosan or agarose (a neutral
polysaccharide, a principal component of agar, shown to prevent marine fouling) [291].
The results observed a high antimicrobial performance against S. aureus and P.
aeruginosa, but the plasma treatment of the substrates was not independently included
in the study as controls. This exclusion of pre-treatment oxidative steps as controls has
been reported by many others, and is common practise in many instances because the
main interest of study is not the oxidising pre-treatment steps [292—294]. However, the
introduction of oxidised polymer moieties at the polymer surface offers a quick and
simple approach to incorporate active chemical groups and is a technique that is readily
employed in various industrial settings. These oxidisation treatments can also produce
surface cavities and result in increased and varied surface topographies, which may in

turn also influence bacterial attachment and/or viability of the biofilm [286,295].

2.6 Selection of Techniques for Surface Characterisation

2.6.1 Surface Chemical Analysis

Selection of relevant and sensitive surface chemical analysis is vital for monitoring
the surface modification of a material. Investigating such parameters can be achieved
using many instrument-based techniques. The general mechanism of these techniques
involves surface molecules, or elements thereof, becoming excited by a radiation source
(e.g. laser beam) which in turn causes a release of information on the surface species.
Different techniques offer their own advantages and limitations, Figure 2.18 provides a
summary of some of the more popular experimental techniques, though some of these

techniques are more bulk than surface sensitive [296].
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Figure 2.18 List of popular surface elemental and chemical characterisation techniques and

their key features have been summarised (SD*= Sampling depth) [297,298].

XPS can detect all elements (except hydrogen and helium), their chemical state and

electronic state, as well as empirical formula and bonding, with a high degree of

sensitivity for surface species. XPS data can be collected using different modes,

including a survey scan and a core level scan (wide scan) [299]. The survey scan provides

a broad energy scan of the surface to detect all elemental species present, whereas the

core level scan delivers detailed measurements of key peaks and allows for integration

of these to give atomic abundance determination of the sample surface. Furthermore,

a valence band scan can be performed which provides further information on the

density and occupancy of electronic states in the valence band of a material.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a surface sensitive

analytical technique that utilises a pulsed ion beam to remove molecules by ablation
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from the outermost surface from atomic monolayers. The result is the release of neutral
fragments, secondary ions fragments (+/-), as well as electrons from the surface. These
secondary ions can be accelerated into a “flight-tube” for mass determinations relative
to the time of detection. ToF-SIMS can be used for surface spectroscopy, surface
imaging and depth profiling, and offers an extremely high detection sensitivity to shed

light on detailed surface chemical information, including molecular formulae.

2.6.2 Determination of Surface Wettability

Surface tension y;y is one of the fundamental properties of liquids, and the surface
energy Ysy is the equivalent for solid interfaces. Y5, can be described as the work or
free energy (G) needed to increase the surface area (A) of a solid, thereby affording the

units of mJ/m? [300], see Equation 2.1:

dG _ freeenergy (m])

Yoy = Equation 2.1

dA ~ unit area (m?)

In 1805 Thomas Young established that a droplet of liquid on a surface presents a three-
phase point at the liquid-vapour-solid interface, giving rise to a distinct contact angle 6
which can be used to reveal the surface energy ysy, see Figure 2.19. This angle exists
because the liquid molecules on the surface of the droplet have fewer neighbouring
molecules than those in the bulk, and thus exhibit stronger attractive forces upon their
nearest neighbours. Therefore, a net attractive force pulls the liquid molecules at the
interface towards the bulk in order to minimise the number of liquid molecules at the
droplet surface, this results in a minimal surface area of the droplet to form. Solid
surfaces with specific surface functionalities and properties can influence the droplet
shape by providing favourable intermolecular bonds with the surface liquid molecules,
and in turn can result in changes of the area of a droplet and thus the contact angle

(causing spreading/wetting). Consequently, a change in ygy is one way of determining
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surface chemical modifications that have been made to a surface through contact angle

(6) measurements using liquid probes.

Solid

Figure 2.19 Schematic diagram presenting the contact angle (6), and the interfacial surface
tensions (ysv, yiv and ys) between the three different phases. The three mechanical surface

tensions are in equilibrium in the direction parallel to the solid surface [301].

Young’s equation given below shows that there is a relationship between the surface
energy of a solid Ygy, the surface tension y;, of a liquid and the interfacial tension
between the liquid and solid Yg;, see Equation 2.2 [301]. Where 0 is the contact angle,
Y.y is the surface tension of a liquid, Ygy is the surface tension of the solid surface, and

Ys, is the interfacial tension between the liquid and the solid:

Y5y =Yg, + Yy ycos (6) Equation 2.2

The surface tension of a solid ygy is more commonly referred in this thesis as the SFE
for the solids [103]. The conventional way to determine ygy of a flat surface is by
measuring the contact angle 0 using a contact angle goniometer, with well
characterised liquid probes. A typical goniometer consists of a horizontal stage
accompanied with a sample mount that is located between a light source and CCD
camera, and a motorised liquid droplet dispenser that can be used to accurately
dispense the probe liquid. To calculate the ygy of a substratum, different semi-empirical

models can be used, which include different models for molecular interactions in their
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calculation of the ygy. One popular approach is Fowke’s” Theory. This approach is a
semi-empirical model derived from Young’s equation (Equation 2.3) which relates the
interfacial properties of liquids and solids to their polar and dispersive components. It
assumes that ygy has two independent components, dispersive (ySDV ) and polar (ySPV),
see Equation 2.4, therefore the ygy can be calculated from the work of adhesion (Wg; )
using the surface tension (ygy) values of the two liquid probes used and from the 6
values obtained experimentally. The polar and dispersive surface tension (ygv and ySDV)
of liquid probes have been established and are already known. The work of adhesion

(Ws1) has been described as the work needed to separate the two phases:

Wop = 2/ YR Ye, + 2{Y5YE = Yy (cosf + 1) Equation 2.3
Yoo =Yy + X5y Equation 2.4
Yy =Y + Y5 Equation 2.5

where; Wg;, = work of adhesion, Ygy = surface free energy of the solid, Yy = surface
tension of the liquid probe, Y{; = surface tension of the dispersive component, Yax=
surface energy of the dispersive component, YEV= surface tension of the polar

component, YSPV= surface energy of the polar component, 6 = contact angle.

Fowke’s Theory is often used for its advantages in obtaining the ygy of a surface using
only two liquid probes [302,303]. Typically, diiodomethane (DIM) and water are used as
the probe liquids. The surface tension and their components Yy, YEV and Y]R, for pure
water and DIM are provided below in Table 2.4. DIM has a high Y%, of 50.8 mJ/m?and
duetoits lack of any dipole moments it has no polar component (YEV =0), and therefore
is an ideal probe to simplify the calculation for determining SFE (ysy) using Equation
2.3 [304]. An example calculation using Fowke’s Theory to determine ysy has been

provided in the Appendix under the heading Chapter 2 [A].
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Probe Y Y& Yoy

DIM 0.0 50.8 50.8

Water 21.8 51.0 72.8

Table 2.4 Surface tension components (mJ/m?) for pure water and DIM [305].

Fowke’s approach uses Young’s contact angle 6, but does not directly consider the
surface roughness of a material in its model. The roughness of a surface can be
important SFE (Ysy) calculations because it may significantly influence the
experimentally observed 6 for some materials, and therefore introduces a degree of
complication and error in values of ygy determined, though the overall forces present
at the vapour-liquid-solid interface are unchanged [300]. To account for surface
roughness contributions there are generally two models in use which look at roughness
and relative changes to the 6 measured. A liquid probe on a rough surface is thought to
either penetrate the surface (Wenzel state) or sit on top of the surface (Cassie-Baxter
state). Additionally, a droplet can switch between the two states due to external forces
such as Laplace pressure (a pressure difference between a curved surface in a vapour-

liguid phase boundary), see Figure 2.20.

intermediate

] I\ [ ] V| III
. meta-stable

I Energy barrier
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’Wenzel state ‘ Cassie-Baxter state ] I I | l\ L1 Ill

Wenzel state

Figure 2.20 Diagram showing the Wenzel state of a droplet considered to penetrate into the
topography of a surface and the Cassie-Baxter state where the droplet is suspended on top of a
rough surface [306]. It is thought that the two states to be in equilibrium with each other, see

diagram shown to the right [306,307].
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The relationship between roughness and wettability was defined in 1936 by Wenzel
[308] whose model proposes a relationship between the apparent (measured) contact
angle (6Y), and Young’s contact angle (0) of a flat surface, via the roughness factor (r).
The roughness factor is defined as the ratio between the actual area of the solid-liquid
interface and the nominally projected area, therefore for a smooth surface r=1 and for

a rough surface r>1 [307], see Equation 2.6:

cos 8% =rcos @ Equation 2.6

In the Cassie-Baxter state the air is trapped in the grooves between the surface’s
topographical features which can result in a larger observed contact angle [307]. The
Cassie-Baxter model extends on the Wenzel model and suggests that the apparent

(measured) contact angle 6¢B

should include contributions of different phases like
heterogeneity and porosity, therefore this model considers the surface fraction of the
solid and vapour phase; see Equation 2.7, where f is the surface fraction for a surface

which is not heterogeneous:

cos OB = f(1+cosh) — 1 Equation 2.7

There are distinct roughness parameters and surface properties required to employ the
Wenzel and Cassie-Baxter Models for calculating Ygy. These include the surface area of
liquid that is in contact with the solid surface, to be able to calculate the surface fraction
(f), and the surface area of the projected rough surface in contact with the droplet to
calculate the roughness factor (r). These parameters are difficult to obtain for a
heterogenous rough surface and there can be large errors in their
measurements/calculations, particularly for surfaces that are relatively smooth with
random scratches and crevices that are not uniformly distributed on the surface.
Therefore, in this study, roughness considerations in the measured 8s has not been

corrected and considered.
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In this project, the advancing contact angle has been utilised which is the maximum
measured contact angle. The droplet volume is increased slowly stepwise on the
horizontal surface under test, and the largest 6 before the droplet collapses/spreads is

defined as the advancing contact angle, see Figure 2.21.

A—)
5 %
[ |

Figure 2.21 Advancing contact angle is the largest angle before the droplet spreads, the droplet

‘advancing  droplethas -
droplet spread wider

is slowly increased in volume using a syringe that tip is maintained in the droplet.

2.6.3 Material Imaging Techniques

Surface imaging techniques are important to characterise modified surfaces such as
thin-film coatings. Scanning and transmission electron microscopy (SEM/TEM), atomic
force microscopy (AFM), scanning tunnelling microscopy (STM), and surface
profilometry are common methods used to image the surface of materials. Two of the
approaches relevant to the current studies have been described in more detail in this

section.

AFM is an imaging technique primarily used for atomic level topographical analysis but
can provide surface physio-chemical parameters such as the relative degree of adhesion
and stiffness of the substrate, with high 3D spatial resolution. The instrument uses a
cantilever which is an elastic beam with a sharp tip on one end that can interact with
the surface in non-contact or contact mode by scanning the cantilever’s tip over the
region of interest. Usually, AFM instruments have vertical resolutions of less than
0.1 nm and X-Y resolutions of around 1 nm. The vibrational environment of the
instrument can limit the resolution in the vertical direction, although resolution in the
horizontal plane is also limited by the diameter of tip utilised for scanning.
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White Light Interferometry (WLI) is an optical experimental technique which can obtain
high quality 3D surface topography maps with 1 nm vertical resolution and X-Y
resolution of ~100 nm. It is non-contact, therefore a non-invasive technique that works
for opaque through to semi-opaque surfaces. 3D roughness can be obtained by imaging
a series of areas of a surface, measuring the 2D roughness and averaging the values for
all areas to obtain the 3D roughness data [309]. The technique uses a white light source
that passes through a beam splitter and reaches the sample via a Mirau objective. The
beam splitter splits the incident white light into two beams; one beam focuses the light
onto the sample and the other is reflected by the beam splitter and focused on the
reference mirror. The resultant interference images are then passed to the detector.

For a full schematic diagram, see Figure 2.22.
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Figure 2.22 Schematic diagram showing the principle of white light interferometry.

Two common roughness parameters R, and Rq were measured which are described as

follows [309]:

e R; is the arithmetic average roughness (or arithmetic mean deviation) from the
mean line over the sample length (1) (see Equation 2.8). Figure 2.23 demonstrates

how R is calculated across a surface with length (1). This parameter is the most
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commonly used roughness parameter for general quality control and is the
average of how far each point on the surface deviates in height from the mean

height:

1l ,
R, = Tfo ly; () dx Equation 2.8

Figure 2.23 This graph presents the key variables used in the calculation of the average
roughness Rq, where lis the sample length, and y; is the height of the point being measured

[309].

e Ry is the root mean square roughness, also known as RMS, and is the standard
deviation of the distribution of surface heights (see Equation 2.9). This property is

generally more sensitive to deviations in surface roughness than Ra:

Rg = H{y (x) }zdx Equation 2.9

2.7 Assessment of Biofilm Adhesion, Growth and Viability

2.7.1 Microscopy Methods

The human eye can distinguish between two points of 0.05 mm apart, without the
need for any additional lenses for magnification. This distance is known as the resolving
power or resolution of the eye. A microscope can use a lens or an assembly of various

lenses to magnify this distance to a greater resolving power. The foundations of light
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microscopy were established by Ernst Abbe in 1880s. Abbe found that the diffraction of
light by a specimen and objective lens determined the image resolution, therefore he
was able to establish the conditions needed to design a lens whose resolution was
diffraction-limited [310,311]. At the start of biofilm research, light microscopy was used
to examine cells grown on discs for imaging [312], and scanning/transmission electron
microscopy (SEM/TEM) produced electron micrographs of biofilms and bacteria [313]
as another approach. Microbial communities visualised by light microscopy were
initially limited to resolving only individual cells from sessile organisms, nevertheless a
translucent EPS matrix was still visible which occupied 3-6 um spaces between cells
[314]. TEM was unable to show real-life images as the EPS was severely affected by the
dehydration due to the instrument’s vacuum operating conditions, which could only be
resolved with the aid of electron-dense ruthenium dyes [314,315]. Early SEM studies
exhibited even more dehydration of microbial cells which caused greater image
artefacts than in TEM [314], with vacuum driven dehydration rapidly condensing EPS
components such as polysaccharides [316]. Over the years, these methods have
developed into more advanced microscopy imaging technigques which are commonly
used in the present day for analysing biofilms, sub-populations and EPS. Herein, the
following section will explore commonly used modern microscopy developed
techniques and their current application to assess biofilm adhesion, growth and

viability.

Additional imaging techniques which have not been covered or mentioned here but
could be used for biofilm imaging include white light interferometric microscopy [317]

and magnetic resonance imaging [318].

Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscopy (CLSM) is an optical microscopic tool was first
developed by Minksy in 1961 in order to better understand the human brain. It is an
optical imaging tool that offers enhanced spatial resolution and depth selectivity to
obtain 2D and 3D images of high quality. CLSM is able to view biofilms in their fully

hydrated and living state using a range of distinct modulated optical wavelengths in
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order to separate complex fluorescence signals [167]. The major advantage to CLSM is
the ability to image hydrated and undisturbed microbial species directly bound to a
surface. The diagram below shows the basic operational principle of CLSM, see Figure
2.24. The CLSM essentially works as follows; incident sample illumination is provided by
a laser which provides monochromatic, coherent and collimated light. The laser beam,
after passing through a pinhole aperture, is reflected by a dichromatic mirror, with the
mirror only allowing light of a specific wavelength to pass through. The light is focused
by the objective lens andscanned across the specimen in a defined focal
plane. Secondary fluorescence emitted from points on the specimen pass back through
the dichromatic mirror allowing certain wavelengths to pass and are focused as a

confocal point at the detector pinhole aperture (confocal pinhole) by the objective.
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Figure 2.24 Schematic diagram showing how the CLSM functions in detail, this includes the
focusing of the laser beam with the red arrow rays representing the reflected light and the green

the laser beam rays, the sample being excited, and emission occurs which is detected [319].

The reflected light is received through the pinhole after a spot on the sample has been

scanned in a raster fashion. This second pinhole aperture is positioned in front of the
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detector in a plane conjugate to the image plane with ascanning point on the
specimen; as this pinhole is conjugate to the focal point of the lens, it is therefore called
the confocal pinhole, see Figure 2.25. The crucial design feature of a CLSM compared
to a conventional fluorescent microscope is the confocal pinhole; by varying the
pinhole diameter, the degree of confocality can be adapted to practical requirements,
with the aperture fully open, the image is non-confocal. For enhanced spatial
performance of the instrument the pinhole should be small as the pinhole restricts the
sample plane from which light can reach the detector. High resolutions and high
magnifications can limit field of view and as biofilms are spatially heterogenous,
therefore looking at a narrow field of view may lead to erroneous imaging assessments,
therefore careful confocal setting parameters should be assessed, considered and

implemented.
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Figure 2.25 Schematic diagram showing the detector pinhole aperture placed in front of the
detector at the confocal plane of the objective. Out of focus light (the red and blue lines) are
eliminated as it does not pass through the pinhole to reach the detector, allowing for detection

of specimen at a specific focal plane with a known depth.

A variable pinhole diameter allows for exclusively imaging a thin optical slice (~1 um)
out of a thick specimen (typically, up to 100 um), a method known as optical sectioning.

Optical sectioning eliminates the limitations of conventional fluorescence microscopy.
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In conventional fluorescence microscopy, the image of a thick biological specimen will
only be in focus if its Z dimension is not greater than the wave-optical depth of focus
specified for the respective objective lens. The pinhole can suppress stray light, which
further improves image contrast, therefore for enhanced images and performance the
pinhole should be kept small; as it restricts the unwanted light that reaches the
detector. As the pinhole diameter is constricted (decreased), depth discrimination
improves (i.e. the optical slice thickness decreases), however this method should be
done with caution as too small a pinhole and the desired signal value of importance may

be excluded.

To visualise the bacterial cells using CLSM, specific fluorescent dyes are required. There
are different approaches that can be considered, such as dye exclusion which is one of
the oldest staining methods and is based on the physical exclusion of dyes by intact
semi-permeable cell membranes. In addition to this, two-fluorochrome staining (dual-
staining) can be used to differentiate between viable and non-viable bacteria. One
commonly used dye pairing is Syto™9 with propidium iodide (PI). This method produces
low levels of background fluorescence and can be used on a variety of different
organisms. Overall CLSM can be utilised effectively to quantify and visualise biofilm
structures, determine cell density, detect different EPS macromolecules using varying

staining probes, with biofilms as thick as 100 um capable of being visualised.

Atomic Force Microscopy

AFM was developed in 1986 [320], and has been used to investigate a number of
biological materials and organisms, such as viruses, bacteria and DNA. AFM can be used
to analyse biofilms by determining chemical and physical properties of surfaces as they
interact with the AFM probe. AFM can investigate cellular mechanical properties (elastic
moduli and turgor pressure) [321], adhesive properties [322], cell topography [323], as
well as for surface imaging purposes. One study used AFM to understand changes in the
formation of biofilms on various substrates, and observed that decreased substrate
surface roughness correlated to loss of biofilm polysaccharide density, as well as a

decrease in the number of cells attached [324]. Biofilm imaging using AFM can be
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problematic because microbial cells are often attached to the surface via weak Lifshitz-
Van der Waals forces. The scanning action of the AFM cantilever may damage or distort
the biofilm sample, furthermore microbial cells are motile which can also result in a
blurry image, or inaccurate images due to the time it takes to scan for imaging as well
as larger dimensions visualised due to swelling [325]. Therefore, immobilization of the
microbial cells prior to analysis using AFM is essential for obtainment of good quality

images.

Electron Microscopy

Electron microscopy includes scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM is a tool commonly used to investigate early-stage
microbial adhesion of single sessile bacteria that can form mature biofilms. It is capable
of elucidating sub-micrometre scale appendages and features such as curli
(proteinaceous surface structure), flagella and EPS which are known to play important
roles in early-stage irreversible cell attachment of bacteria [326]. SEM images are
generated by exposing the specimen surface to a high-energy beam of electrons under
vacuum. The interaction of the incident electron beam with the specimen causes the
emission of low energy secondary electrons and back-scattered electrons from the
sample that produces a clear surface image signal which can be used to determine
topographical features, with internal structures visualised by using various sample
preparation methods [327]. For this purpose, the sample requires a conducting metal
coating such as silver or gold in order to be visualised. The desire to visualise
microorganisms and biological material has led to the advancement of new sample
preparation techniques and instrument developments which provide superior images.
Conventional biological sample preparation requires chemically fixing the sample
(which may destroy and disrupt true structures and morphologies) and dehydrating the
sample, which is essential as SEM is performed under vacuum. New preparation
techniques have been developed which allow for enhanced contrast and reduced
sample damage. These include the use of glutaraldehyde fixation, negative staining, the
sputter—cryo technique, environmental-SEM, focused-lon-Beam SEM, and coating with
gold or osmium [328].
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Cryo-SEM is effective when imaging samples containing moisture without causing
drying artefacts. A moisture containing sample is rapidly frozen with liquid nitrogen
(physical fixation), the sample can be cut physically in the SEM with a cold knife, and ice
can be sublimed away using an internal heating system. The sample is then coated with
gold for imaging. The clear advantage of cryo-SEM is the lack of pre-operational steps
including dehydration and the investigation of time-based specimens ‘frozen in time’
with the total preparation time completed in minutes [329], although this approach
may not work for all experiments. For example, one study found that cryo-SEM
produced a frozen layer over the specimen which cracked when exposed to the electron
beam [329,330]. In environmental-SEM (E-SEM), the sample can be imaged at moderate
vacuum without the requirement of a conductive coating and in moist atmospheric
environments which allows for the preservation of soft water sensitive components of
the specimen [331,332]. Focused-lon-Beam SEM (FIB-SEM) is a novel tool that allows
for standard SEM viewing as well as FIB milling to remove sections for visualising
subsurface structures. This milling is achieved by using a gallium source that can mill
away segments of the specimen to a designated height, depth and width [330].
Alternatively, low-voltage high-resolution-SEM (LVHR-SEM) can achieve high spatial

resolution of 2-5 nm, which was previously only possible with TEM.

2.7.2 Non-microscopy Methods

There is an array of non-microscopic approaches to examine biofilm viability,
formation and growth. Viable plate counting methods of cells include: culturing, flow
cytometry, direct viable counting, as well as determination of dry mass, total organic
carbon content, and mass change from a quartz crystal micro-balance [333]. Some of

the methods commonly used has been discussed in the below section.

Viable Plate Counting/Enumeration (Colony Forming Units/mL)

Viable cell enumeration or aerobic plate counting is a standard quantification method

that is commonly used to determine the number of viable cells present in a solution.
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Therefore, for studying biofilms, the bacteria in a biofilm must be released from the
surface and transferred into a solution to perform this technique. Bacteria from biofilms
can be obtained via scraping, vortex-mixing or sonicating to obtain a homogenised
single-cell suspension that can be serial diluted and pipetted onto nutrient agar plates
in order to allow for microbial colony growth of the collected cells [333]. The cells that
are culturable and viable can grow after incubation (usually overnight) into distinct
colonies on the plates which each represents a single colony forming unit (CFU). The
colony total is enumerated to determine the CFU/mL of the test solution based on the
dilution which allowed for distinct separation of colonies, and the volume of solution
plated. Slow colony forming bacteria can also be considered by allowing for longer
incubation times [333]. This method is not able to differentiate between viable cells that
are non-culturable. Non-culturable cells were first discovered in 1982 where it was
found that E. coli and V. cholerae living cells could enter a distinct state that showed
their incapability to grow on routine media [334]. One key advantage of this technique
is that it does not require advanced equipment and can be performed in most
laboratories. However, it is time and labour intensive, also dissociating mature biofilm

clumps into single-cell suspensions can be experimentally challenging [335].

Microtitre Plate Assays

Ammonium oxalate (crystal violet stain) has been used as early as 1930 for staining
bacteria and was originally aimed for the detection and quantification of bacteria found
in water systems for in-solution studies [336,337]. Early works by Fletcher in 1977
showed that attachment of bacteria and subsequent growth on surfaces can be
measurable by staining the biofilm with crystal violet to allow subsequent
guantification by microscopic counting [338]. This technique has been modified and
adapted into a high-throughput screening system to measure bacterial attachment and
biofilm growth using microtiter plates, formally known as the ‘microtiter plate assay’ or
the ‘96-well plate assay’. Media inoculated with a small amount of bacteria in the plate
wells leads to the formation of a biofilm on the sides and bottom of the well and on the
air-liquid interface, and biomass build up can be quantified by staining with crystal violet

[339]. Primitive accounts of this approach can date back to 1985, when studies by
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Christensen et al. demonstrated that optical density can be used as a measure to see
changes in Staphylococci attachment to 96-well plastic tissue culture plates [340]. This
approach was popularised in the mid-to-late 90’s by Mack and O’Toole with many
variations of this assay being used for different organisms. For example, for the
assessment of P. aeruginosa in the adhesion and formation of biofilms with PVC
microtiter plates [56]. This mode of analysis is now regularly used alongside other
comparable dyes like safranin for high-throughput screening experiments [54,341]. The
dyes essentially rely on the accumulation of an intercalating pigment binding to
negative charges in the EPS, as well as internal structures of some species such as
nucleic acids, and therefore is generally regarded as a measure of total attached
biomass. Alternatively tetrazolium salts like 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide (XTT) can also be used in this system, which focuses on
the cells ability to reduce tetrazolium salts to orange coloured formazan compounds,
with increased concentration providing an amplified intensity in reading that is
measurable using a microtiter plate reader [342]. However, different strains and
bacterial species have shown markedly varied abilities to breakdown the tetrazolium
salt and thus comparison of results from different organisms has proven to be
challenging [343]. The Calgary system, also referred to as the MBEC experiment, is an
extension to the 96-well plate assay but utilises a lid with 96 pegs attached that
protrude down and suspend into the media [339]. This set-up allows for cells to adhere
to the pegs, and the sides of the wells to proliferate and form a biofilm. The lid can then
be removed and transferred to a new 96-microtiter plate containing fresh sterile media

to measure attachment and growth.

Flow-Cytometry

Flow cytometry (FC) can be used to characterise suspensions of single cells or particles
by analysing combinations of different fluorescent probes with different absorption and
emission parameters. In the flow-cytometry instrument, cells flow through a narrow
opening, which forces single-file mobility of the bacterial cells. A laser is used to detect
the passing cells and determines optical characteristics of the cells from light scattering,

absorbance or intrinsic and extrinsic fluorescence measurements [333], see Figure 2.26.
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Several parameters can be measured simultaneously on thousands to millions of

individual cells.

Fluidics System ) Electronic Signal
Filters

Cells

Signal Processor

Electronics System
Point Scatter Detector

Interrogation Forward

Host Computer

Figure 2.26 Schematic diagram showing the workings of a FC instrument. The fluidics system
illustrates the entry of the cellular sample into the instrument, and the passing of cells through
a narrow opening in front of the laser beam. A series of detectors, accompanied with filters
(optics system) are used to distinguish between key emission information that will inform about
a cells fluorescence dye uptake, the size and shape. The electronic signal graph demonstrates
how an event (signal) is measured from the passing of a cell into passed the laser beam and

recorded as an electronic signal in the FC.

In FC, each event represents a single cell interrogation, with forward scatter (FSC) and
side scatter (SSC) signals being generated from the scattering or refraction of the laser
light by the cell that is measured. FSC is measured in the forward direction as the laser
passes through the cell and is refracted, whereas SSC is measured at a 90 ° angle, see

Figure 2.27; both parameters provide important details about the size and shape of the
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cell, therefore FSC and SSC are useful indicators to discriminate cell from cellular debris

and detector noise.

Side-scafter

L -v
c— s 1 Parameter Correlates with

Laser Beamn ---SSEES - ::‘! Forward-scatter FsC Cell size

_______ o R SSC Granularity/complexity of cells

q
Side-scatter

Figure 2.27 Forward and side scatter in FC to determine cell size and shape. The table on the
right provides the key size parameters that is associated with FSC and SSC, whereby the

complexity of a cell refers to internal component features of the cells.

Fluorochromes are fluorescent molecules that have distinctive excitation and emission
spectra. FC uses lasers as excitation sources for fluorochromes, and by using varied laser
wavelengths for different fluorochromes, multiple fluorochromes can be measured
simultaneously. Different FC instruments have varying capabilities of what
fluorochromes can be tested based on the laser options available. Once excited, the
fluorescence from the stained cells are split into defined wavelengths and channels by
a set of filters and mirrors within the FC’s optics system. The fluorescent light is filtered
by optical filters so that each detector will detect fluorescence only at a specified
wavelength. These detectors are called photon-multiplier tubes and convert the
incident photons into an electronic signal and record it as an event. The signal can be
amplified by controlling voltage or gain settings on each detector. Each event is given a
channel number depending on its measured intensity; the more intense the
fluorescence, the higher the channel number the event is assigned. Overall, the
different signal regions enable differentiation between the diverse fluorochromes in a
system. There are various viability stains that can be employed to measure viability and
microbial cell health, examples include TO-PRO®-3 iodide [344]; LIVE/DEAD BaclLight kit
containing Syto™9 with Pl and SYBR® green with Pl [345], all of which differentiates

between membrane damaged and membrane intact cells. Alternatively, substitute dyes
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can also be used which distinguish between membrane potential differences as healthy
cells have polarised cytoplasmic membranes. Certain dyes can accumulate in the
intracellular space of a cell with interior-positive membrane potential (a form of dead
cell- depolarised cell) and binds to the intracellular lipid-containing elements. Bis-(1,3-
dibutylbarbituric acid) trimethine oxonol (DiBACa4(3)) is one example of a membrane-
potential dye [346]. It is an oxonol lipophilic probe that carries a delocalised negative
charge, it has a low fluorescence intensity in aqueous solution, the intensity increases
several fold in a milieu, such as the cytoplasm of a cell, therefore it can be used to detect
intact non-fluorescent and depolarised fluorescent bacteria [347]. It is important to
note that FC is restricted to solution studies, thus appropriate methods should be in
place to effectively remove the biofilm bacteria from the substrate and re-suspend

them in solution for FC analysis.

2.8 Summary

2.8.1 The Gap in Research

Biofilms are more difficult to remove and destroy than planktonic (free-floating)
bacteria, primarily due to the presence of the EPS which forms upon biofilm maturation.
Although there have been decades of research into investigating biofilm structure and
behaviour including the examination of antibiofouling and biofilm removal approaches
for polymer materials, there are limitations to many of the treatments currently in use.
The common solutions employed include the use of detergents, chelating ligands,
surfactants, oxidising agents and enzymes for biofilm removal and cleaning. However,
these approaches tackle biofilm removal rather than prevention and have operational
restrictions either due to pH, temperature, toxicity and contamination of surrounding
products or the environment from the chemicals being used, or they may cause the
enhancement of surface corrosion processes [17,24,25]. Another important factor to
consider is the vast variety of bacterial species, each with different strains, that are
present. This raises the problem of selectivity when looking to develop novel biocidal
coatings for polymer materials. Furthermore, there is an interest in developing an

approach for modifying common polymer materials, such as polyethylene and
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polypropylene, using inexpensive and industrially feasible techniques using coatings or
altering the polymers surface, so to prevent or perturb bacterial attachment. Overall,
there is a significant need from both industry and healthcare to develop and evaluate
cost-effective AMP approaches. Such a surface should be stable, durable, and able to
inhibit adhesion of a wide range of pathogenic bacterial species from attaching to

common polymer surfaces.

This research project will focus on the synthesis of novel surface chemistries for
antiadhesive and antibiofilm capabilities. It is aimed for industrial applications involving
common low-cost substrates, including polyolefin polymers. The research involves
surface characterisation and understanding the surface physio-chemical properties of
common polymers surfaces, and especially targeting bacterial initial attachment to
these surfaces, looking at early-stage biofilm growth, viability and the modified surfaces
bacterial killing capabilities. Novel hybrid surface chemistries previously not evaluated
as AMPs are expected to be synthesised and tested against bacteria using a range of
microbial assays that utilises confocal laser microscopy-based, viable cell enumeration

on agar, and to lesser extent flow cytometry and SEM imaging.

2.8.2 Thesis Aims and Objectives

Given the information provided in this literature review, the aims of this research

project will focus on:

e Modifying the surface of commercially sourced commonly used industrial polymers
with HDPE as a model substrate, as well as other commodity polymers including PP,
PVC, PS and PC. Modification of the polymers will include oxidative treatment
approaches in order to improve thin-film adhesion to the polymer surface, as well
as evaluating the efficacy of polymer surface oxidisation as an antimicrobial
treatment approach independently. Also, thin-film antimicrobial coatings will be
evaluated as a possible strategies for the preparation of AMPs in this study, this will
include tin-dioxide thin-films and low/medium molecular weight chitosan-zinc oxide

nanocomposite coatings due to their already known and proven efficacious
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antimicrobial capabilities, which have not been assessed as coating strategies for

common industrial polymer materials.

Different surface characterisation techniques will be utilised for the evaluation of
the various polymer surface modifications, these techniques will probe physio-
chemical properties, topographical variations, chemical composition, and functional
group changes. In some studies, where the surface is particularly efficacious,
stability studies will be performed to determine the application scope and

operational limitations of these new materials.

The antimicrobial performance of these materials will be examined using a range of
microbial assays that can probe the attachment and viability of the biofilm during
the early stages of microbial biofilm development. The study will focus on the
utilisation of confocal laser scanning microscopy imaging (with the use of bacterial
dyes), viable plate counting (of recovered biofilm), as well as flow cytometry studies,
agar disk diffusion, and SEM imaging, where appropriate. In some cases, mature 24
h hydrated biofilm studies will be performed for comparison to early-stage biofilm
studies, where relevant, in order to determine the limitations and applications of

these materials.
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CHAPTER 3 Experimental Methods and Materials

3.1 General Materials, Reagents and Formulas

3.1.1 General Excel Formulas and Statistical Analysis

Excel has been utilised extensively for data analysis in this project, commonly used
Excel formulas have been used throughout this project during data analysis for
averages, determination of standard deviation and standard error for data processing.

Explanation of these formulas can be found in the Appendix under Chapter 3 [A].

Statistical analysis has been used, where relevant, to determine statistical significance
between groups of samples, and to uncover whether the means are different from one
another. In this project, a t-test has been performed to compare the means of two
groups, and is reliant on assuming that the data being compared are independent, and
normally distributed [348]. The test has been carried out using the Excel Formulae
“TTEST" whilst assuming a 2-tailed test, and that the two samples being compared have

unequal variance.

3.1.2 Bacterial Strains

e P. ageruginosa BioBall™ NCTC 12924 (ATCC equivalent strain 9027, provided
from Procter & Gamble) originally sourced from Biomerieux, lot number B2286
and B2153; and P. aeruginosa PA01 www.pseudomonas.com/strain/show/107.

e S. aureus ATCC 6538 provided from Procter & Gamble, Reading, UK.

e E. coli ATCC 10536 provided from Procter & Gamble, Reading, UK; and E. coli
MG1655 from the ‘E. coli Genetic Stock Center’.

3.1.3 Polymer Materials

The polymers used in this research project were sourced from three suppliers,

see Table 3.1. The polymers samples have been cut into various sizes dependent on the
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experimental requirements. Generally, polymer sheets (films) were chosen due to their

practicality and their ability to be readily cut, using scissors, to appropriate sizes. PS was

cut using a laser cutter as this material is highly brittle, and the PVC was cut externally

by the Mechanical Workshop at the Department of Chemical Engineering as these

sheets were thicker.

Polymer Material Colour Thickness Supplier
(mm)

High-density polyethylene Natural 1 Gilbert Curry Industrial
sheets (milky white) Plastics Co Ltd.

Gilbert Curry Industrial

Polycarbonate sheets Clear 0.75 .

Plastics Co Ltd.

Polypropylene sheets Natural 1 Gilbert Curry Industrial
copolymer (milky white) Plastics Co Ltd.
Polyvinyl chloride sheets White 2.55 RS Components

Polystyrene, laser cut from

Clear 1 Thermo Scientific™

Sterilin™ petri dishes

Table 3.1 Material description of the polymers. Thickness dimensions have only been provided

in this table because detailed size (2D) description used is experiment specific and therefore can

be found in the experimental protocols.

3.1.4 Reagents and Chemicals

Reagents for microbial experiments:

Bis-(1,3-dibutylbarbituric acid) trimethine oxonol, DiBAC4(3) (Fischer Scientific,
2069785)

Cell scrapers, Bel-Art™ ProCulture cell life (Fischer Scientific, 10385981)
Deionised water was used for all biofilm related assays that was purified with
the Milli-Q water purification (Millipore).

Glycerol, for molecular biology 299.0% (Merck, G5516)

Syto™9 (Fischer Scientific, Invitrogen™, S34854) 5mM in DMSO

Syto™9 and propidium iodide (Fischer Scientific, Invitrogen™, L7012)
LIVE/DEAD™ Baclight™ Bacterial Viability Kit, Syto™9 with 3.34 mM in DMSO and
Pl with 20 mM in DMSO

Tryptic Soy Broth (Sigma Aldrich., SLCD9263)

Lysogeny broth with agar lennox (Sigma Aldrich., L2897)
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e Phosphate buffered saline tablets (Sigma Aldrich., P4417)

The above reagents were sterilised where appropriate by autoclaving at 121-126 °C
for 15 min prior to use.

Reagents and Chemicals for Surface Modification and Characterisation Experiments:

e Acetic acid, 99.8-100.5%, AnalR® NORMAPUR ® ACS Reagent (VWR™,
MFCD00036152)

e Ammonia solution 28-30% (Sigma Aldrich., Supelco®, 1054231000)

e LMW Chitosan (Sigma Aldrich., 448869) 75-85% deacetylated

e MMW Chitosan (Sigma Aldrich., 448877) 75-85% deacetylated

e Chromium (lll) nitrate nanohydrate (Fischer Scientific, 4324488)

e Deionised water (18 Q) using Centra ELGA system

e Diiodomethane (Sigma Aldrich., 158429) contains copper as a stabiliser

e Dimethyl sulfoxide, (Sigma Aldrich., 10103483)

e Ethanol absolute 299.8% (VWR, AnalR NORMAPUR® ACS Reagent,
MFCD00003568)

e Hydrindantin (Sigma Aldrich., H17309)

e Ninhydrin reagent (Sigma Aldrich., BCCD6453)

e pH 4.010 millesimal buffer standard (HANNA® Instruments, HI-6004-01)

e Lithium acetate dihydrate, 99% (Thermo Scientific™, 11419046)

e Nitric acid 68% (VWR, GPR RECTAPUR®, MFCD00011349)

e pH 10.010 millesimal buffer standard (HANNA® Instruments, HI-6010)

e Potassium dichromate (Fisher Scientific, 10060310)

e Stannous chloride dihydrate (Sigma Aldrich., 96527)

e Soap, Evans Q'det unperfumed liquid detergent

e Sulfuric acid 295% (VWR, AnalR NORMAPUR® analytical reagent,
MFCD00064589)

e Tin(IV) chloride pentahydrate (Fischer Scientific, 10428040)

e Zinc oxide nanopowder (Sigma Aldrich., 677450) <50 nm particle

e Ultrapure spectrograde water (Fischer Scientific, 4324518)
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3.2 Synthesis, Treatment and Preparation of Materials and Solutions

3.2.1 Polymer Surface Oxidisation Treatments

Sulfuric-chromic acid oxidisation

The procedure was adopted from Sheng et al., [295] where potassium dichromate (5
parts, 8.125 g, 3 x 102 mol) was dissolved in DI water (8 parts, 13 mL). 0.01 M
concentrated sulfuric acid (100 parts, 88 mL) was slowly added with stirring and heated
to 70 °C. The polymer materials were pre-cleaned sequentially with soap, acetone,
ethanol and DI water then air-dried. The samples were submerged inside the heated
sulfuric-chromic acid solution vertically for varied set periods of time (T=0, 2, 10, 30, 45,
60 min). The polymer surfaces were then rinsed in 4 beakers of DI water sequentially
(80 mL) and left to dry overnight in a vacuum desiccator in the presence of silica, and

further dried in an oven for 4 h at 65 °C.

Caution: The above experiment uses highly corrosive and oxidising chemicals and

contact can cause severe skin and eye irritation and burns. Breathing sulfuric-chromic

acid fumes can irritate the nose, throat and lungs. Do not handle until all safety

precautions have been understood. The experiment must be performed outdoors or in a

well-ventilated area, using personal protective equipment as required. To dispose, wait

until solution has reached RT, dilute heavily with water by adding the solution to water,

and discard as hazardous liquid waste for appropriate collection. Do not mix with other

chemicals/liquid chemicals.

Sulfuric-acid oxidisation

This procedure was adopted from Zhang et al. [286]. Concentrated sulfuric acid (98%,
AR) was heated to 95-100 °C. Polymer coupon surfaces were pre-cleaned sequentially
with acetone, ethanol and DI water then air-dried, and placed inside the heated sulfuric
acid solution for 15 min. The treated surfaces were then rinsed in 4 beakers of DI water
sequentially (80 mL) and left to dry overnight in a vacuum desiccator in the presence of

silica, and further dried in an oven for 4 h at 65 °C.

107



Caution: The agbove experiment uses a highly corrosive and oxidising chemical and

contact can cause severe skin and eye irritation and burns. Breathing sulfuric acid fumes

can irritate the nose, throat and lungs. Do not handle until all safety precautions have

been understood. The experiment must be performed outdoors or in a well-ventilated

area, using personal protective equipment as required. To dispose, wait until solution

has reached RT, dilute heavily with water by adding the solution to water, and discard

as hazardous liquid waste for appropriate collection.

UV/ozone oxidisation (UVO)

Clean samples were placed inside a UV/ozone ProCleaner™ 220 Plus (BioForce

NanoScience system) with UV intensity of 19.39 mW/cm? for 20 min.

UV/ozone - sulfuric acid oxidisation (UVO-SA)

Clean samples were placed inside the UV/ozone a UV/ozone ProCleaner™ 220 Plus
(BioForce NanoScience system) with UV intensity of 19.39 mW/cm? for 20 min, followed
by submersion in concentrated sulfuric acid (98%, AR) at 95-100 °C for 15 min. The
treated surfaces were then rinsed in 4 beakers of DI water sequentially (80 mL) and left
to dry overnight in a vacuum desiccator in the presence of silica, and further dried in an

oven for 4 h at 65 °C.

3.2.2 Cr-oxyhydroxide Synthesis and Film Preparation

The synthesis of the chromium-oxyhydroxide coatings were adopted from research
investigations by Yang et al. [349]. Cr(NO3)3.9H,0 (15 g, 3.7x10"2 mol) was dissolved in
ultrapure water (75 mL), turning into a deep navy colour. Ammonia solution (28-30%)
was diluted to 10% with ultrapure water (150 mL). At RT the diluted 10% ammonia
solution was added dropwise to the chromium solution with continuous stirring, until
pH 10 was reached. The resultant mixture gradually formed a deep green precipitate

which was then stirred for 30 min. The mixture was centrifuged and rinsed three times
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with ultrapure water to remove NOs ions (8700 RPM, 10 min). Ultrapure water (75 mL)
was added, and pH monitored to maintain a pH of 10. The solution was divided into two
parts with one half placed in a sealed Teflon vessel and heated in a fan oven (Memmert
Universal oven UF55) overnight at 200 °C for 15 h. This heat-treated solution is named
the hydrothermal treated (HT) solution. HDPE was dip-coated into separate Cr-
oxyhydroxide mixtures (100 mL) prepared (2 min vertical dipping/coating time) and
placed in a vacuum-desiccator to dry (ultra-pure water was used to increase the volume

to 100 mL, pH was maintained at pH 10).

3.2.3 Tin-dioxide Hydrosol Synthesis and Film Preparation

The synthesis of the tin-dioxide hydrosols has been adopted from Briscoe et al.
[350]. SnCl4.5H,0 (0.25 g, 7.1 x 10™* mol) was dissolved in DI water (90 mL) and stirred.
Further DI water was added (110 mL) and the solution was stirred, then SnCl,.2H,0 (0.5
g, 2.6 x 103 mol) was added. The solution was heated and stirred for 1 h at 60 °C, a pale-
yellow solution formed. SnCl,.2H,0 (0.4 g, 2.1 x103 mol) was added and left to age
overnight for 16 h at 60 °C, a deep yellow solution formed. Surfaces were pre-cleaned
in water followed by ethanol and left to air-dry. Half of the solution was taken prior to
aging overnight; this solution was to examine the efficiency of aging based on the
additional time and energy needed for the aging step. The pre-aged solution is named
tin-hydrosol A and the post-aged tin-hydrosol B. The substrates were dip-coated by
vertical submersion (2 min) and left to air dry horizontally on a flat surface, the top faced

side drying is considered as the film coated surface, forming Film A and Film B coatings.

3.2.4 Chitosan/PVP-ZnO Nanocomposite Synthesis and Film

Preparation

The synthetic procedure was obtained from Al-Naamani et al. [351]. A
nanocomposite solution was prepared by the addition of commercial ZnO nanoparticles

(varied amounts, see Chapter 6) into an acetic acid (1% or 10%, 100 mL) solution. The

solution was mixed vigorously for 10 min and then chitosan powder was added (varied
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amounts, see Chapter 6) and sonicated for 15 min to remove bubbles. NaOH was added
(0.1 M) with vigorous stirring until pH 6 achieved, and the solution was kept at 60 °C
overnight in an oven. HDPE surfaces (4.5 x 4.5 cm) were pre-cleaned using soap, ethanol
and DIl water, and oxidised using UVO (20 min) then sulfuric acid heat treatment 95-100
°C (15 min), UVO-SA. The polymer materials were dip-coated into all the nanocomposite
chitosan-ZnO solutions prepared (2 min) and placed in a vacuum-desiccator to dry. After
the coating was fully dried, selected samples were rinsed twice with NaOH (0.1 M) hot-

wash at 85 °C and air-dried at RT.

3.3 Surface Analysis and Molecular Characterisation

3.3.1 Determination of pH

The Mettler Toledo pH meter was utilised with a 2-point calibration performed at
pH 4 and 10. Calibration was conducted at the beginning of each use of this instrument
using purchased buffer standards (HANAA® Instruments pH 4.010 millesimal buffer
solution, and pH 10.010 Millesimal buffer solution). The probe tip was rinsed before
and after use with filtered (0.22 um) DI water and dried using a KIMTECH Science tissue.
In between readings and during stand-by the pH probe was kept in a KCl solution 3
mol/L. All measurements were conducted under standard conditions at RT, and
Fischerbrand™ pH strips (0-14, 0-6.0, 7.0-14) were used intermittently to confirm the

results.

3.3.2 Dynamic Light Scattering

(a) Small colloidal particles less than 1000 nm in diameter

The Zetasizer uV Malvern Panalytical was utilised to determine the particle size of
the tin-hydrosols. This instrument has a size measurement range of 0.15 nm to 1 um
and uses a 60 mW laser at 830 nm wavelength for scattering light off the particles.
Disposable polystyrene cuvettes were used with 1 mL solution volume at room

temperature (ca. 20 °C) and experiment duration of 1 min. This instrument divides
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measurements into the number of runs, to allow for data filtering and processing with
the quality of each run being assessed, and the poorer runs deleted. Instrument
guidelines advises that as more runs are performed the assessed quality of the results
improves, therefore the final run obtained has been used as the definitive data for
analysis, with previous runs neglected. This final run obtained is also provided as an

average value.
(b) Larger particles from 0.5 to 600 um in diameter

A Mastersizer 2000 particle size analyser (Malvern) was employed to determine the
particle size of the Cr-oxyhydroxide solutions prepared. This instrument has a maximum
size range of 600 microns and uses a 633 nm wavelength for diffraction particle sizing.
Accompanied with a dispersant tank for diluting and a pump stirrer (stirrer speed set at
2000 RPM) to allow a wide range of particle sizes and densities to be suspended. DI
water is used for sample mixture dilution to the measurable range. Measurement time
was set at 5 s, with 5 measurement cycles; the results are provided as a volume

weighted distribution.

3.3.3 Refractometry

The Ceti Convex bench-top analogue refractometer was used to measure solution
refractive indexes between 1.3-1.7200 nD, with a precision of 0.0005 nD. The
wavelength used was the same as D line of sodium (589 nm). The instrument is

equipped with a 30x focusable telescope and a thermometer.

3.3.4 Contact Angle Goniometry

Advancing contact angles using water and DIM were obtained using a Kriiss Drop
Shape Analyzer (DSA25) using the Advance Software with an automated liquid
dispenser operating at 2.67 pL/s. An initial liquid droplet of 5 pL was placed on the
coupon surface, and this droplet was increased by a series of 1 plL aliquots to allow
measurement of the advancing contact angle. The advancing contact angles reported

were an average of the right- and left-hand side contact angles using the tangent setting
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from the software and noted as the largest angle before the drop collapses/recedes and
consisted of a minimum of 3 different droplets each of DI water and DIM as probes

(N>3, +/- SE).

3.3.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed with a Thermo Scientific K-
Alpha* instrument at 2 x 10° mbar base pressure. This instrument used a
monochromated micro-focused Al Ka X-ray source (hv= 1486.6 eV) and a 180° double-
focusing hemispherical analyser accompanied by a 2D detector. The X-ray source
operated at 6 mA emissions current and 12 kV anode bias thus obtaining a spot size of
400 um?2. An electron flood gun was used to minimize the sample charging that occurs
when exposing an insulated sample to an X-ray beam. Charge neutralisation was
deemed to have been achieved by monitoring the energy of the Cls signal of
adventitious carbon present. All XPS spectra were recorded using the Advantage Data

System software as was the quantification analysis (N=1 unless specified otherwise).

3.3.6 Atomic Force Microscopy

For atomic force microscopy experiments the Nanowizard 4 (JPK Instruments -now
Bruker) was used. The sample was scanned with a silicon tip (PPP-NCHAuD from
NANOSENSORS™, serial number 96215F12L1344, resonance frequency 204-497 kHz
and force constant 10-130 N/m), with a 2000 nm x 2000 nm scan area and a resolution
of 256 x 256 pixel or 512 x 512 pixel in Quantitative Imaging™-mode. The image was
levelled, filtered using a median filter, analysed for roughness and adhesion images with

JPKSPM data processing software (JPK system).

3.3.7 Attenuated total reflection Fourier-Transform Infrared

Spectroscopy
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ATR-FTIR data was obtained using a Perkin Elmer Spectrum 100 spectrometer
accompanied with the Perkin EImer Universal-ATR accessory. The spectra were taken in
ATR mode in the wavenumber range between 500 to 4000 cm™, with a resolution of 2

cm™ and scan number as 16, and experiment duration as 1 min.

3.3.8 Time-of-Flight Secondary lon Mass Spectrometry

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was conducted, and
data analysed by Dr Sarah Fearn from the Department of Materials, Royal School of
Mines, Imperial College London. ToF-SIMS was carried out using an IONTOF ToF-SIMS 5
instrument. High resolution mass spectra were collected using a 25 keV Bi3* ion beam
in high current bunched mode with a beam current of ca.0.25 pA, and 100 us cycle time.
The area analysed was 500 x 500 um?, and 50 scans were taken. Both positive and
secondary ions mass spectra were collected, and an electron flood gun was used for
charge compensation on the sample surface. Calibration of the mass spectra was
performed using a series of simple hydrocarbons: C,Han-1 for the positive ions, and
CanHan+1 for the negative ion spectra. Analysis of the mass spectra data, and peak

identification was performed with the Surface Lab 7 software.

3.3.9 X-Ray Diffraction

Powders of Cr-oxyhydroxide prepared were dried overnight in an oven at 65 °C. X-
ray diffraction patterns were collected using an X'Pert Pro X-ray diffractometer
(Malvern Panalytical, UK) with the Cu-Ka radiation at 40 kV and 20 mA, in a 28 scan

range of 5°-90°, using a step size of 0.033.

3.3.10 Inductively Coupled Plasma-Mass Spectrometry

(a) Chromium Leaching Study
Samples were freshly prepared and cleaned in 80% ethanol and allowed to air

dry. A droplet of DI water with volume the same as that used in the viable enumeration
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assay was placed on to the surface for T=1, 30 min (200 pL). The droplets were collected
and added to 4.8 mL of DI water with 2 % nitric acid (N=2-4). The solution was filtered
using a 0.2 um filter and analysed for Cr concentration using ICP-MS (Agilent
Technologies 7900 System) equipped with the SPS 4 autosampler and Masshunter 4.4
software. N, gas flow rate was 15.0 L/min and the auxiliary gas flow rate was 0.90 L/min.
A 23-elemental component reference mixture (Aristar, Lot. 386065) was used for
calibration of the Cr study; the calibration graph obtained from using the standards can

be found in the Appendix under Chapter 3[B].

(b) Sn Leaching Study

Samples were freshly prepared and cleaned in 80% ethanol and allowed to air
dry. Fresh samples were rinsed in three beakers of DI water (20 mL), named as W1, W2
and W3. 2% nitric acid was added to 5 mL of solution and measured under ICP-MS
(Agilent Technologies 7900 System) equipped with the SPS 4 autosampler and
Masshunter 4.4 software. N, gas flow rate was 15.0 L/min and the auxiliary gas flow
rate was 0.90 L/min. SnCl,.2H,0 was used to prepare the calibration standard of the Sn,
the calibration graph obtained and used can be found in the Appendix under Chapter

3[C].

3.3.11 White light interferometry

A Zygo product Newview™ NX2 non-contact surface white light profilometer
was used with the Mx software. Settings were optimised, and a 2.5 x lens utilised with
a 0.5x zoom which affords a field of view of 6.96 x 6.96 mm, in the CSI mode, and a scan

length of 20 um with an acquisition time of 11 s. The longer the scan, the greater the

height measuring capabilities and the longer the measurement time.

3.3.12 Ninhydrin Test for Primary Amines

The ninhydrin assay can react with primary amine groups to form a coloured

product. The protocol used was adopted from Leane and co-workers [352]. Lithium
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acetate buffer was prepared by dissolving lithium acetate dihydrate (8.16 g, 0.08 mol)
in DI water (12 mL). The pH of this solution was adjusted to pH 5.2 using glacial acetic
acid. Samples to be analysed were cut into 0.5 x 0.5 cm squares (x 3 of each type of
sample). The ninhydrin solution was prepared by lithium acetate buffer (10 mL) being
added to DMSO (30 mL) in a glass scintillation vial, then ninhydrin reagent (0.8 g, 4.9 x
1073 mol) and hydrindantin (0.12 g, 3.7 x 103 mol) added. A sample to be analysed was
immersed in the ninhydrin solution (1 mL) in a fresh glass scintillation vial and
immediately capped. The vial was immediately shaken and heated in boiling water in a
water bath for 30 min. After cooling a 1:1 ethanol-water (10 mL) was added to each vial
and this was vortexed for 15 s at maximum speed to oxidise the excess hydrindantin.
The absorbance of each solution was measured on a UV/vis spectrometer (UV-2600

Shimadzu System) between 300-700 nm.

3.4 Confocal Laser Scanning Microscopy: Specification, Software and

Measurement

3.4.1 CLSM Instrument Set-up and Software Information

The Leica CLSM TCS SP2/SP8 was set up according to manufacturer’s instructions.
The instrument was equipped with a pulsed white light laser and hybrid detectors that
allow for delayed detection of wavelengths of light emitted by the sample, tuneable
from 0 to 10 ns. The laser intensity was set to 1 and the surface was brought into focus
each time manually via the controller accessories using the z-height scale to focus. A
minimum of 5 images were taken at random of three different samples for each type of
material. Tuneable settings were set at gain 100, threshold 90 and optical z-slice of 10
um, with 2 ns delay in gating. Detailed decision making of these settings and its
optimisation can be found in the Appendix under Chapter 3[D] for the bacterial staining

probes from the LIVE/DEAD™ BaclLight™ Bacterial Viability Kit.

The images captured with the CLSM was processed using Comstat 2.1. This software is
an analysis plugin tool for Image J which can interpret and analyse the images based on

various user selected parameters. Image J is a java-based image processing software
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that is freely available to the public, it was developed by National Institutes of Health
and the Laboratory for Optical and Computational Instrumentation. Comstat 2.1 was
created by Arne Heydorn and Professor Bjarne Esbgll in the form of a MATLAB®O script,
later Martin Vorregaard developed the software further in order to run via the public
domain software Java®© and Image J with the add on package LOCI tools [353—-355].
COMSTAT was developed to analyse high-resolution CLSM images of biofilms. The
COMSTAT script is used to simplify and reduce the processing time needed to interpret
the confocal images for data analysis and quantification with high reproducibility, with

the capability of comparing different properties derived from the biofilm images.

Digital images obtained comprise of voxels which are 3D image volume elements, the
3D analogue of a 2D pixel. This element is the smallest part of the picture which has a
finite value that combines to make the full image. Higher resolution means more pixels
or voxels, for example a 512 x 512 image comprises of 262,144 (5122) pixels overall. In
this study a set pixel resolution of 1024 x 1024 has been selected. The width (x) and
length (y) of the voxel is the same as for the pixel, and the height (z) of the voxel is the
distance between the slices. There are various selections and options that can be
chosen when using Comstat 2.1 for image analysis, each of which looks at different
desired substrate parameters. These parameters include for example, the biomass
(um3/um?), maximum film thickness (um), average biomass thickness (um), roughness
(Rq), fractal dimension and area occupied in layers (um?). Area occupied in layers
measures the biomass pixel in each layer or confocal optical slice, therefore providing a
percentage of area occupied from the image captured. The area occupied in layers was
the chosen parameter used to analyse the data in our experiments, using Comstat 2.1
with the Image J plug-in [353—355]. This parameter was selected due to the reduced
time needed for image capture of a slice, compared to imaging stacks with larger z-scale
parameters. This time is important, as bacterial biofilms can deteriorate, multiply, and

essentially change form with time.

3.4.2 Fluorescent Probe Selection and Spectra
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To interpret and evaluate the presence and viability of bacteria, a fluorescent probe
or marker is needed for identification, with the fluorescent emission being measured
instead of reflection at a specific wavelength [356]. This marker can be expressed
intrinsically to the cell (e.g. green fluorescent proteins) or fluorescent probes can be
used at the time of the experiment. The use of tunable lasers with the CLSM allows for
more precise excitation of molecules, and precise emission detection of data in the x-y-

z scale. Probes selected to be used in this project with CLSM were:

e Syto™9

e Syto™9 and propidium iodide

Syto®9 is a green-fluorescent cyanine based nuclear and chromosome stain that has
been shown to stain both live and dead Gram-positive and -negative bacteria, as well
as mammalian cells. This dye is known to exhibit heightened fluorescence upon binding
to cell nucleic acids. Excitation wavelength for Syto™9 was 488 nm and the detection
bandwidths used were 495 to 510 nm, the excitation and fluorescence spectra has been
provided in Figure 3.1. The use of Syto™9 staining of the biofilm allows surface bound
cells to be directly imaged. The biofilm is also largely undisturbed as it is imaged under

a fully hydrated environment using a liquid immersion lens.
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Figure 3.1 The excitation and emission fluorescence spectra of Syto™9 between 300 and 900

nm. Blue peak corresponding to excitation and the red peak corresponding to emission, spectra

sourced from supplier website [357].

A combination of Syto™9 and Pl are provided in the LIVE/DEAD Baclight Bacterial
Viability Kits (L-7007, L-7012, L-13152). Excitation wavelength for Pl was 538 nm and
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the detection bandwidths used were 615 to 630 nm, the excitation and emission spectra
has been provided in Figure 3.2. Pl, a nucleic acid red-fluorescent counterstain that can
be used to examine cell viability as a compromised cell membrane (dead cell) allows PI
to penetrate the cell. This dye can be used in combination with other dyes like Syto™9
or acridine orange which stains both live and dead cells. The combination of the two
stains provides a fast and reliable method of directly imaging the physiological state of
the bacterial cell bound to a surface actively in real time, without the need to disturb
the cells, remove the cells or manipulate the cells to obtain physiological information

about membrane permeability [128].
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Figure 3.2 The excitation and emission fluorescence spectra of propidium iodide between 300
and 700 nm. Blue peak corresponding to excitation and the red peak to emission, spectra

sourced from supplier website [358].

The use of suitable chemical probes to stain biologically active materials carries a degree
of complexity and some limitations associated with certain selected dyes. There are
many variables that can affect the fluorescent signal emitted and detected by the CLSM.
These complications can include probe-conjugate availability, photobleaching,
environmental sensitivity of fluorescence, background fluorescence, fluorescence
resonance energy transfer, and overlapping excitation/emission profiles that limits the

use of some fluorescence probes simultaneously.
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A multicolour labelling experiment such as the LIVE/DEAD™ BacLight™ bacterial viability
kit is a highly advantageous technique to monitor biological behaviour. Improved data
capture can be achieved by signal isolation and maximising the spectral separation
between multiple fluorescence emissions. Therefore, using dyes with narrow emission
spectral bandwidths is highly beneficial, as well as emission spectra that are well
separated. Below a detailed diagram (see Figure 3.3) of the spectral overlap using the
bacterial viability kit with our settings shows that there is a significant separation
between emission spectra. There is 0% overlap of the emission detection of Pl in the
Syto™9 detection emission (495-510 nm) bandwidth. Though there is a 3% overlap of
the emission from Syto™9 in the emission bandwidth of PI, this overlap is small and is
kept to a minimum to prevent false-positives and additional unwanted signal to be
detected for the Pl emission. This is important as Syto™9 has shown to enhance PI

emissions than when Pl is present on its own [359].
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Figure 3.3 Mixed spectra of Syto™9 and PI provided alongside the annotation of the excitation
wavelengths used, for Syto™9 is 488 nm and for Pl is 538 nm. The emission bandwidths used
have been highlighted by a block colour in the emission curve which for Syto™39 is between 495-
510 nm and for Pl is between 615-630 nm. The settings selected were automatically suggested
by the Leica software on the CLSM TCS SP2 system as Syto™9 and Pl are common dyes and the

excitation/emission information is well-known.

PBS buffers, as well as liquid media components, have been shown to influence staining
efficiency and hence CLSM imaging, therefore a water-probe solution has been selected
for staining the bacteria in our experiments [359]. As recommended in the L7012

bacterial viability kit manual, the water-probe solution was prepared in a 1:1 mixture of
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dyes (Syto™9 and PI) with a 3/1000 puL ratio of ‘dye mixture/liquid’ recommended;
where for example for a 1000 pL microbial solution, 1.5 uL of Syto™9 and PI are each
added. As biofilms are being investigated in this PhD research project, instead of in
solution microbes, a water-probe solution has been prepared for staining the biofilm
using the same aforementioned dilutions (3/1000 pL ratio of dye mixture/liquid with a
1:1 of each dye). The dilution of the probe in DI water is essential because a large area
of surface contaminated with bacteria (biofilm) will require staining, and hence a large
volume of probe solution is needed. The probe (as purchased) uses DMSO as the solvent
system for the fluorescence probes. It has been shown that DMSO can influence
bacterial behaviour, such as reducing P. aeruginosa pathogenesis and protecting E. coli
from rapid antimicrobial-mediated killing [360,361], and so exposure to excess DMSO
should be avoided. Furthermore, the probes are costly and larger than the required
ratio for staining is not needed, consequently dilution of the probe in water helps

address these issues.

The exposure of the water-probe solution over time has been examined for P.
aeruginosa early-stage biofilm on the fluorescence intensity observed. Exact details of
the protocol can be found in Section 3.4.5, with extended water-probe solution time
periods of 5, 10, 30, 45 and 60 min. The results have been provided in Figure 3.4. It can
be inferred that firstly, under these conditions, the early-stage biofilm is largely viable,
and the intensity of the signal for Syto™9 is significantly reduced with time, even with 5
additional minutes from 5 to 10 min. The measured signal intensity for Pl is gradually
increasing over time. This increase may be due to the water-probe solution that is
nutrient deficient. However, this increase is minimal compared to the decrease
observed from Syto™9 over time. Overall, it can be concluded that the time the water-
probe solution is exposed to the biofilm for staining must be consistent and constant
throughout experimentation, as well as being kept to minimum with the exposure time
of 5 min chosen in order to ensure sufficient time for staining with minimal loss in signal
due to time effects. The reason behind this significant loss in signal intensity detected
of Syto™9 over time may be due to bleaching, where the irreversible destruction of the

excited fluorophore is observed. This behaviour can predominantly become the limiting
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factor in fluorescence detectability over time. This observation has been confirmed by

Steifel and co-workers when examining Syto™9 and Pl against P. aeruginosa [362].
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Figure 3.4 HDPE unmodified samples were exposed to early-stage biofilm of P. aeruginosa with

N=3, minimum of 5 images taken per sample, +/- SE. Linear trendline also provided for both.

3.4.4 Initial Attachment Assay (IAA) to Measure Bacterial Adhesion

The protocol has been inspired and adopted by work conducted by Jon Palmer
where full credit is due for development of the IAA assay [363]. P. aeruginosa cells
(NCTC 12924) were cultured overnight in 100% TSB and set to 0.2 OD (600 nm, 4.9 x 10’
CFU/mL) using DI water. 200 pL of 0.2 OD (600 nm) solution was pipetted onto the
polymer coupon surface and left in static contact for 30 min for early-stage biofilm
proliferation. The polymer coupon surface was then rinsed in 3 beakers of DI water (100
mL, 4.5cm?/s) to remove any planktonic cells. 200 pL of Syto™9 (5 mM) probe solution
(1/1000 in DI water) was pipetted onto the biofilm surface and left for 5 min in the dark.
The probe solution was expunged using a tissue (avoiding surface contact) and replaced
with DI water (200 uL) for hydrated dip-lens CLSM imaging of the biofilm. Image-J (FUI)
and Comstat 2.1 software were used for the conversion to ome-tiff format and analysis
of threshold and percentage surface area coverage of the cells in the images captured
with optical imaging section set to 10 um in thickness, with a 1024 x 1024 pixel

resolution using a 25x magnification liquid lens.
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3.4.5 Viability Assay for Early-Stage Biofilm Viability Imaging

LIVE/DEAD™ BaclLight™ Bacterial Viability Kit [364] was used with the CLSM TCS SP8
Leica Instrument with hybrid detectors with a pulsed white light laser. Bacterial cells (P.
aeruginosa NCTC 12924, S. aureus ATCC 6538, E. coli ATCC 10536 were cultured
overnight in 100% TSB, the solution was diluted to 0.2 OD (600 nm, 4.9 x 107 CFU/mL)
using dd water. 200 pL of the suspension was pipetted onto a surface and left in place
for 30 min, then rinsed in 3 beakers of DI water (100 mL, 4.5cm?/s) to remove planktonic
cells. 200 pL of probe solution containing 1:1 ratio of Syto™9 (3.34 mM) and propidium
iodide (20 mM) in 3/1000 dilution in DI water was pipetted onto the biofilm and left in
contact for 5 min in the dark. The probe solution was expunged using a tissue and
replaced with DI water. A liquid lens (x25 magnification) on the CLSM was used to
capture images at the surface. Image J (FlJI) and Comstat 2.1 was used for file
conversion to ome-tiff, followed by an analysis of threshold and percentage surface
area coverage from the biofilm, with the optical section set to 10 um in thickness, 1024
x 1024 pixel resolution, 500 x 500 um with a 25x dip-magnification lens [353—355]. As
suggested by the probe supplier, the ratio of cells stained by Syto™9 and propidium
iodide quantifies the proportion of live to dead cells present on the surface [364].
Calibration studies have been performed to validate the efficacy of the dye for this

experiment; this data can be found in the Appendices Chapter 3[E].

3.4.6 Viability Assay for Early-Stage Biofilm Viability Imaging —

extended Tao

The LIVE/DEAD™ BacLight™ Bacterial Viability Kit [364] was used with the CLSM TCS
SP8 Leica Instrument with hybrid detectors with a pulsed white light laser. Bacterial cells
(P. aeruginosa NCTC 12924) were cultured overnight in 100% TSB after taking a swab
from the cell bank, the solution was diluted to 0.2 OD (600 nm, 4.9 x 107 CFU/mL) using
DI water. 200 uL of the suspension was pipetted onto a surface and left in place for 30
mins, then rinsed in 3 beakers of DI water (100 mL, 4.5cm?/s) to remove planktonic cells.
Saline (0.85% NaCl, 200 pL) was added for 20 min (T20), static and RT. The saline solution

was removed by expunging with a tissue and replaced with 200 uL of probe solution
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containing 1:1 ratio of Syto™9 (3.34 mM) and propidium iodide (20 mM) in 3/1000
dilution in DI water was pipetted onto the biofilm and left in contact for 5 min in the
dark. The probe solution was expunged using a tissue and replaced with DI water (200
uL). Image J (FUJI) and Comstat 2.1 was used for file conversion to ome-tiff, followed by
an analysis of threshold and percentage surface area coverage from the biofilm, with
optical section set to 10 um in thickness, 1024 x 1024 pixel resolution, 500 x 500 um
with a 25x magnification dip-lens [353—-355]. As suggested by the probe supplier, the
ratio of cells stained by Syto™9 and PI quantifies the proportion of live to dead P.
aeruginosa cells present on the surface [364]. Calibration studies have been performed
to validate the performance of the dye for this experiment; this work can be found in

the Appendix Chapter 3[E].

3.5 Viable Plate Colony Counting Experiments

To corroborate the results obtained from the CLSM imaging with another
microbial assay, a series of different assays were assessed for the removal the early-
stage biofilm from the surface for subsequent CFU viable counting. These biofilm

removal methods included:
(i) Sonication of surfaces with biofilms in the presence of surfactants
(ii) Agitation of surfaces with biofilms by shaking
(iii) Agitation by shaking with glass beads of surfaces with biofilms

These three methods did not prove effective for various reasons which largely involved:
ineffective dislodgement and lifting of the biofilm from the surface, and significant
contamination from planktonic cells (that were not in contact with the surface). Details
of these experiments, their results and conclusions can be found in the Appendix, under

Chapter 3[F].

Subsequently the most effective method was found to be scraping of the early-stage
biofilm, in the presence of PBS, for viable plate colony counting using re-usable PP cell
scrapers. The Bel-Art™ ProCulture cell lifter could be autoclaved and was thus also

economical. Therefore, the following experiments for viable plate colony counting all
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utilise this approach for recovery and detachment of the biofilm cells for subsequent

plating out studies.

3.5.1 Viable Plate Counting and Flow Cytometry Experiment

P. aeruginosa was cultured overnight in 100% TSB, the solution was diluted to
0.2 OD (600 nm, 4.9 x 10’ CFU/mL) with 100% TSB. 200 pL of the suspension was
pipetted onto a surface and left static for 30 min. The surface was then rinsed in 3
beakers of DI water (100 mL) to remove planktonic cells. 1 mL of PBS was placed on the
surface, a cell-scraper was used to lift the biofilm off and re-suspend it into the PBS
solution and the resultant solution was collected. This procedure was repeated twice
for each polymer coupon to remove as much of the biofilm as possible (total volume 2
mL). 1 mL of the collected solution was stained with 0.625 pg/mL of (bis-(1,3-
Dibutylbarbituric Acid)Trimethine oxonol) (DiBACa(3)) and left in the dark for 10 min.
The samples were run on a FACS BD Calibur Flow Cytometer System and data analysed
using Flow-Jo software (N=1). The samples were kept in a cool room until plating out;
the remaining 1 mL was serial diluted with PBS, plated out on agar plates and the
colonies formed (CFU/mL) determined after 14-15 h overnight incubation at 37 °C.
Duplicate coupons were tested using the same protocol resulting in a N=6 data set (2

samples, 3 repeats per sample).

3.5.2 Viable Plate Counting

Cells were cultured overnight in 100% TSB, the solution was diluted to 0.2 OD at
600 nm (corresponding to P. aeruginosa 600 nm, 4.9 x 107 CFU/mL; E. coli 1.8 x 108
CFU/mL and S. aureus 8.2 x 107 CFU/mL) using 100% TSB. 200 pL of the suspension was
pipetted onto a surface and left static for 30 min. The surface was then rinsed in 3
beakers of DI water (100 mL) to remove planktonic cells. 1 mL of PBS was placed on the
surface, a cell-scraper was used to lift the biofilm off and re-suspend it into the PBS
solution, this procedure was repeated once more, and the resultant solution was

collected. The samples were kept in a cool room until plating out; the solution was serial
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diluted using PBS, plated out on agar plates and the colonies formed (CFU/mL)
determined after 14 -15 h overnight incubation at 37 °C. Duplicate coupons were tested

using the same protocol resulting in a N=6 data set (2 samples, 3 repeats per sample).

3.5.3 Viability Plate Counting for Re-used Samples

The samples were sterilised in ethanol (80%) and allowed to air-dry near flame
(Bunsen burner) before being used again. P. aeruginosa cells were cultured overnight
in 100% TSB, the solution was diluted to 0.2 OD at 600 nm (corresponding to P.
aeruginosa 600 nm, 4.9 x 107 CFU/mL) with 100% TSB. 200 pL of the suspension was
pipetted onto a surface and left static for 30 min. The surface was then rinsed in 3
beakers of DI water (100 mL) to remove planktonic cells. 1 mL of PBS was placed on the
surface, a cell-scraper was used to lift the biofilm off and re-suspend it into the PBS
solution and the resultant solution was collected. This procedure was repeated to
collect a total of 2 mL volume. The samples were kept in a cool room until plating out;
the solution was serial diluted with PBS with three repeats, plated out on agar plates
and the colonies formed (CFU/mL) determined after 14 -15 h overnight incubation at
37 °C. This procedure was performed within a period of 5 hr on the same day for a total

of 4 uses, termed ‘cycles’.

3.5.4 Viability Plate Counting for a Mature Biofilm

E. coli cells were cultured overnight in 100% TSB, the solution was diluted to 0.2 OD
at 600 nm (E. coli 1.8 x 10® CFU/mL), with 1% glycerol (100 mL/2 samples) with 100%
TSB. The samples were submerged inside (2 in one/back facing) and left for 24 h for
biofilm maturation on the surface. Samples were removed with sterile metal tweezers
and dipped in 3 x DI water (100 mL) to remove planktonic and weakly bound cells. PBS
(1 mL) was placed on the surface, a cell-scraper was used to lift the biofilm off and re-
suspend it into the PBS solution and the resultant solution was collected, this procedure

was repeated once more (total volume 2 mL). All vials were kept in a cool room until
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plated. The solution was then plated out onto agar from N to -12 and left to grow

overnight in a static incubator at 37 °C.

3.6 Scanning Electron Microscopy

Samples were freshly prepared and cleaned in 80% ethanol and allowed to air dry.
P. aeruginosa was cultured overnight in 100% TSB, the solution was diluted to 0.2 OD
(600 nm, 4.9 x 107 CFU/mL) using 100% TSB. 200 pL of the suspension was pipetted onto
a surface and left in place for 30 min, then rinsed in 3 beakers of DI water (100 mL) to
remove the planktonic cells. Samples were fixed using 10% formaldehyde for 10 min
and dehydrated at ambient temperature using serial ethanol gradient immersions (5
min each; 30, 50, 70, 85, 95, and 100% ethanol) and left to fully air dry for 24 h overnight.
The prepared samples were coated with a 15 nm chromium with a Quorum system
Q150T splutter coater, and imaged using ZEISS Gemini Sigma300 SEM, under the
supervision and advice of Dr Mahmoud Ardakani, Department of Materials (Royal

School of Mines, Imperial College London).

3.7 Agar Disk Diffusion Assay

E. coli (Mgl1655) and P. aeruginosa (PAO1) were cultured overnight in 100% TSB,
samples were re-suspended the next day to reach mid-exponential phase (0.3-0.4 OD
absorbance at 600 nm, 300 uL was added to 3.5 mL of soft agar, vortexed and plated
out onto an agar plate to set. Test surfaces were placed onto the agar in triplicates (N=3)

and put overnight in a static incubator at 37 °C.

126



Results and Discussion
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CHAPTER 4
Surface Oxidisation of Industrial Polymers and their Antimicrobial

Performance against Early-Stage Biofilms

4.1 Introduction

Synthetic industrial polymer materials generally lack any natural defences to inhibit
microbial growth, biofilm proliferation, thereby allowing bacterial surface attachment
and biofilm development to take place. Oxidative pre-treatments of polymeric materials
are used frequently to improve the adhesion of coatings and surface treatments to
polymers. This adhesion improvement was achieved by increasing the substrate surface
free energy with the addition of oxygen moieties, though alterations to the surface
morphology by increasing the surface area and surface roughness also facilitates better
mechanical interlocking and chemical adhesion [292,365,366]. These treatment
methods are often not explored independently as controls during evaluation of
antimicrobial coating technologies in many cases. For example, in the use of vitamin C
(ascorbic acid) to coat onto LDPE surfaces via plasma pre-treatment [292]; or the use of
gelatin containing antimicrobial coatings (sodium octanoate and Auranta FV) to LDPE
using cold plasma pre-treatment [293]; or for a chitosan coating on PP textile using
plasma pre-treatment [294]. As a result, the intrinsic antimicrobial surface capabilities

of oxidised polymers have not been fully explored in detail.

To the best of my knowledge there are minimal reported evaluations of oxidative pre-
treatments of polymers and their antibiofilm/antimicrobial performance. However, the
research presented to date has suggested a distinctive relationship between microbial
attachment and surface oxidisation. Katsikohianni et al. have found that He and He/O»
plasma treatment on polyethylene terephthalate (PET) provided a higher surface free
energy that afforded reduced bacterial attachment, but afterwards the instability in the
plasma-treated surfaces led to a reduction in surface free energy which favoured
bacterial adhesion and aggregation against S. epidermis [367]. Recent work by Erdmann
et al. has revealed that photo-oxidisation (UV irradiation) of HDPE reduced the initial
bacterial attachment of P. aeruginosa and B. subtilis. This reduction was proposed to be

from the increased number of hyperoxide and hydroxyl groups that may have led to
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mutual repulsion of the cells [368]. However, it is important to note that contradictory
findings have also been observed. For instance, a study by Que et al. revealed that ozone
treatment of 96-well plates made from polystyrene was found to promote biofilm
formation for Staphylococcus capitis, a bacterium that causes bloodstream infection.
Que et al. proposed that the increased biofilm formation to be caused by the presence
of the varied oxygen containing species introduced to the surface (C-O, C=0, O-C-0, and
0-C=0) [369]; both of these latter studies mentioned are recent reports published in

2020.

A selection of polymer materials has been chosen for this study based on their ability to
be easily sterilised by ethanol cleaning (70-80%), as well as their prevalent use in
industrial applications as summarised in Table 2.3. HDPE was chosen as the model
substrate to be treated and extensive studies were carried out using this material. HDPE
was selected because it is one of the most widely used plastics globally, it is well-known
for its excellent resistance to most solvents, low cost, very low water absorption and
accepted use by regulated bodies such as the FDA [370]. The full list of polymer
materials that have been evaluated in this thesis are provided in Table 4.1 below. These
are industrially sourced commercial materials, and their detailed preparation, synthesis,
handling, chemical composition, and purity are not provided by suppliers. However, this

is not a concern, as this project focused in modifying real-world commercial materials.
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Polymers

High-density
polyethylene
(HDPE)

Polypropylene
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Table 4.1 Polymer materials utilised for this study.

Sulfuric-chromic acid surface polymer oxidisation was originally chosen for investigation
as a surface pre-treatment method to improve subsequent coating adhesion to the
HDPE substratum. This reaction is a most popular and highly effective chemical method
for achieving polymer surface oxidisation at reduced temperatures, with a high degree
of surface carboxylic acid moieties being formed [286]. The only reported antimicrobial
evaluation of chromic-sulfuric acid etching of a polymer was by Choi et al. in 1999 [371].
In their study LDPE was chemically modified with sulfuric-chromic acid solution

(K2Cr207:H20:H3S04 in 1:1.7:20.1 parts, 60 min, 65 °C) and tested against Pseudomonas
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stutzeri. Polymer samples with the biofilm (after 24 h exposure) were heat-dried and
weighted to determine the adhesion differences of the biofilm. No difference in
adhesion was seen for this modification using this assay compared to the controls in
this study [371]. Apart from this report, to the best of our knowledge, there has been
no other reported evaluations of sulfuric-chromic oxidised polymer materials and their
antimicrobial attributes. Therefore, in this Chapter the bactericidal and anti-biofouling
properties of sulfuric-chromic acid oxidised polymer materials is fully explored. A range
of oxidation reaction times as well as a range of different bacterial species will be
assessed via different biofilm assays and imaging techniques for early-stage biofilm
formation. HDPE as the reference substrate will be compared with a range of other
industrial polymer surfaces including PP, PS, PVC and PC. Furthermore, the application
scope and limitations of surface treatments and coatings on all of these polymers will

also be assessed for possible real-world uses for these modified materials.

The performance of sulfuric-chromic acid oxidisation will be compared with two other
chemical surface oxidisation methods. Therefore, this study will allow a direct
comparison between the nature of all three oxidation treatments and specifically their
influence on the antimicrobial properties against early-stage biofilms. The two other
oxidisation methods have been specifically chosen for key reasons as summarised in
Figure 4.1. It will turn out that a specific factor considered in these oxidisation choices
is to identify how low residual amounts of certain elemental products, especially those

based on S and Cr, may influence the antimicrobial properties of the surface.
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Sulfuric acid oxidation

Ozone/UV oxidation Provides a significant

Provides high degree of degree of oxidation with
oxidation without sulfur moeties
introducing any sulfur or introduced at the
chromium containg surface, without
moeties at the surface. chromium or potassium
Chromic-sulfuric acid added to the surface

Provides high degree of
oxidation, introduces sulfur
moeties and chromium
transition states at the
surface and residual
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Figure 4.1 Summary of the selection reasons for the three different surface oxidisation methods.

4.2 Results and Discussion

4.2.1 ATR-FTIR Spectroscopy of Sulfuric-Chromic Acid Modified
HDPE

A range of surface characterisation techniques has been utilised to determine
the degree of HDPE oxidisation after surface modifications were performed with
sulfuric-chromic acid treatment. The HDPE samples were chemically oxidised at various
submersion time periods between 0-60 min. ATR-FTIR spectroscopy has been used to
identify the major functional groups present and quantify the significant chemical
changes that have occurred from sulfuric-chromic acid oxidisation of HDPE. This
characterisation technique is a common choice for surface oxidised polymers because
of its efficacy and ease in identifying key oxygen containing functional groups such as
carbonyl and sulfonic moieties, though it is not very surface sensitive with a typical
depth of penetration of a few um. Figure 4.2 shows the ATR-FTIR spectra results
gathered. There is a clear broad band present between 3550 — 3200 cm™ that is
indicative of an -OH stretching band that suggests the presence of carboxylic groups

and/or alcohol groups have formed, this is less significant for the 2 min oxidised surface
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but increases with longer etchant submersion time periods. The appearance of new
absorption bands between 1,400 and 800 cm™ can be associated with sulfur bound
oxygen stretching modes from a range of sulfur-containing oxidisation products
including 0,=5S-0H, S=0, and S-0, as well as possible C-O stretching bands of primary
alcohols. These results are similar to data obtained from literature on sulfuric-chromic
acid oxidisation of LDPE by Wang et al. [286]. The carbonyl peaks found between 1730-
1680 cm™ pertain to various carbonyl containing groups created from the successful
oxidisation of HDPE, with the formation of ketones, aldehydes, and carboxylic acids. It
can be seen that the carbonyl peak intensity increases with increasing reaction time,
this is in line with literature reports which have reported that a gradual increase in
submersion with sulfuric-chromic acid results in a significant increase in the carbonyl
FTIR peak intensity. It can be seen as a gradual sharpening of the C=0 peak with
increased submersion time in ATR-FTIR results and was similarly observed when LDPE
was oxidised [286,372]. Blais et al. has produced one of the most extensive evaluations
of sulfuric-chromic acid etching on the polyolefins PP, HDPE and LDPE. In their study,
the HDPE did not show any apparent changes in the ATR-FTIR spectra upon oxidisation.
It was concluded that relative deep FTIR sampling depth of 1 um = 10* A was too deep
relative to the depth of the oxidisation zone of 102 to 103 A [373,374]. This thesis
successfully reports the ATR-FTIR spectra for HDPE using more sensitive equipment
which does show a clear difference in the spectra from the control samples due to

successful surface chemical oxidisation.

133



100

90
80
70 o
e
60 ©
50 g
c
0 O
-
30 X
20
85
1800 1700 1600 1500 10
0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
—— HDPE control 2 min ——10 min —— 20 min
——30 min —— 45 min 60 min

Figure 4.2 ATR-FTIR spectra of HDPE submerged in sulfuric-chromic acid for 0 to 60 min.

The carbonyl index (Cl) based on FTIR data has been employed previously by many
researchers to measure the degree of oxidisation in polymers semi-quantitatively, and
is one of the most common indicators used to evaluate the extent of polyolefin
oxidisation [286,375—-377]. The Cl considers absorption peaks of chemical groups
including acids (1712-1700 cm™), ketones (1723-1714 cm™) and aldehydes/esters
(1733-1730 cm™) that may have formed [377,378]. The Cl is largely obtained from the
integrated area of the carbonyl group. However, there are severe variations in how
different researchers define these Cl regions, which gives rise to incomparable Cl values.
Nevertheless, Cl values have been calculated to further understand the changes made
to the surface by means of sulfuric-chromic acid etching in this study using Equation
4.1. A;1s00-1500) iS the integrated areas of the absorption spectra of all carbonyl groups
found between 1,800 to 1,500 cm™ and Ageo-s60) is the integrated areas of the
absorption spectra of methylene groups that are expected to be found between 760 to
660 cm™L. Division of A(isoo-1500) by the integrated methylene peak areas A(7s0-660) has

been performed to normalise the effect of film thickness across all samples. The ranges
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used in this study were chosen based on the work by Wang and co-workers who also
investigated sulfuric-chromic acid oxidisation but for lower densities forms of PE; LDPE
and LLDPE [286]. Furthermore, a newer method called the sulfonic index (SI) has also
been developed by Wang et al. to also shed additional light on polyolefin oxidisation
which uses sulfuric acid based treatment methods [286]. This index was also calculated
from the ATR-FTIR spectra based on A(i2s0-840) Which is the integrated areas of the
absorption spectra of sulfonic groups found between 1,250 to 840 cm™ — see Equation
4.2). Finally, the hydroxyl index (HI) has been developed using this same methodology.
Previous reports measuring the HI to analyse surface oxidisation of polymers have done
so without normalisation using the methylene/vinyl integrated peaks [368]. In this study
however, the division by the methylene/vinyl region has been employed to keep this
calculation comparable with the other two indexes (Sl and Cl). Thus, the HI has been
calculated using A(1250-840) Which is the integrated areas of the absorption spectra of
hydroxyl containing groups (this includes acids like carboxylic acids) found between

3700 — 3100 cm™, see Equation 4.3.

A(1800-1500)

Carbonyl Index = CI = Equation 4.1

A760-660

Ag1250—
Sulfonic Index = §] = —1220-820) Equation 4.2
A(760-660)

A(3700-3100)

Hydroxyl Index = HI = Equation 4.3

A(760-660)

The Cl has not been previously reported for HDPE treated by sulfuric-chromic acid
treatment, with previous reports having looked commonly at LDPE [286]. The results
obtained indicated that although there was a general increase in the Cl values with
increasing etching reaction time, the levels fluctuate slightly but are consistent after 10
min of oxidisation, with Cl values of about 1.4 compared to Cl of 1.1 for the control

HDPE surface; see Figure 4.3.

The Sl has increased more significantly upon oxidisation reaction time, although not as

significant as reported in literature when an LDPE was studied with sulfuric-chromic acid
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oxidisation, which increased to 32.5 after a 60 min reaction [286]. It has already been
established that sulfuric-chromic acid treatments preferably oxidises the amorphous
domains for LDPE [285]. Actually this oxidant has been used as means to remove
amorphous domains from semi-crystalline polymers [379]. LDPE has a lower crystallinity
than HDPE, with LDPE comprising of more branched chains which restricts formation of
regular crystalline structures and thus giving rise to greater extent of amorphous
domains. Whereas, the higher density derivatives of PE such a HDPE have a lower
degree of branching, therefore contain greater crystallinity [380]. As a result, the drastic
increase in Sl for LDPE shown in the literature of 32.5 can be associated with the greater

number of amorphous domains present in LDPE compared to HDPE.

The Hl index increases with increasing oxidisation time, with the 60 min treatment time
showing the highest index values. This increase can be associated with the higher
number of polar functionalities added through oxidisation, such as carboxylic and
alcohol groups which provide increase in absorption in this region, see Figure 4.3.
However, it is important to note that FTIR spectroscopy becomes increasingly noisier as
substrate surface roughness increases. Surface roughness does generally increase
and/or change with surface chemical oxidisation as they can result in some etching
effects, therefore giving rise to increased error levels in the index values calculated

[381].
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Figure 4.3 Carbonyl, hydroxyl and sulfonic indexes of sulfuric-chromic acid oxidised HDPE

surfaces using ATR-FTIR integrated absorbance values, N=4.
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4.2.2 Contact Angle Characterisation of Sulfuric-Chromic Acid

Modified HDPE

Contact angle goniometry investigations on these samples has revealed a clear
trend of increasing oxidisation treatment time resulting in increased surface polarity as
oxidisation time increased from 0 to 30 min; see Figure 4.4. This result is not a surprise
as Blais et al. and others have also observed the same trend when comparing water
advancing contact angles for sulfuric-chromic acid oxidised PE under similar reaction
conditions [285,373]. The use of increased reaction times results in an increased
concentration of surface oxygen species found at the surface, specifically carbonyl and

sulfonic surface species, which in turn increases the surface’s chemical polarity.

When these samples were rinsed further in water (three sequential dips) and the water
advancing 8 was measured again, no changes in the contact angles, within experimental
error, were observed (results in Appendix under Chapter 4[A]). This observation is
important as the surface needs to be able to withstand short-term exposure to aqueous

media for early-stage biofilm evaluation under a hydrated environment.

(a) Contact angle (water and DIM) (b) Surface Free Energy

Figure 4.4 Surface wettability parameters shown, (a) water and DIM advancing angles 8 and (b)

surface free energy (polar, dispersive, total) of HDPE with increasing sulfuric-chromic acid
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4.2.3 XPS of Sulfuric-Chromic Acid Modified HDPE

The XPS percentage relative elemental abundance data shown in Figure 4.5 (a)
confirms that a wide range of oxygen containing moieties are formed at the surface,
especially after the initial 10 min of oxidisation reaction time. This data also confirms
the introduction of carbonyl and sulfonic surface groups due to the significant amount
of atomic O and S on the surface, whilst the C percentage surface abundance has
reduced. The presence of residual Cr at low levels also became more significant with
increasing oxidisation time, with some associated K cations also being present, see
Figure 4.5 (a). Analysis of the Cls core level XPS scan is often performed for oxidised
polymers to determine the extent of bonding of carbon bound to heteroatoms, as this
produces tailing and asymmetry in the Cls peak. The results obtained for Cls in this
study highlights the oxidisation of carbon with the tailing of the C-C peak 1s peak to
higher binding energies, due to being covalently bound to an O atom(s). The peak that
has formed at 289 eV is for -COOH groups; this peak gradually increases in concentration
as the reaction time increases from 2 to 30 min see Figure 4.5(b); with details on the
C1s spectra for 20, 45, and 60 min reaction times can be found in the Appendix Chapter
4[B]. Increases in the peak intensities at 287 eV and 286 eV, which represents carbonyl
(C=0) and alcohol (C-OH) moieties respectively, also follow with increased reaction
times and comparable to those reported in the literature [282,374,382]. However, some

reports suggests the presence of alcohol groups to be absent in these reactions [284].
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Figure 4.5 XPS results of HDPE surface oxidised with sulfuric-chromic acid treatment; (a) %

elemental abundance of core species has been provided; (b) carbon 1s core level XPS scan.

The surface oxidisation of PE using sulfuric-chromic acid is thought to proceed via a
tetravalent Cr (IV) ester intermediate which hydrolyses to form an alcohol group
[286,373]. The alcohol group can then rapidly form chain scission products such as
aldehydes, alcohols and ketones, which can ultimately be further oxidised to carboxylic
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acids, see Figure 4.6. The low level of Cr present in the XPS spectra, see Figure 4.5 (a),
is expected as it is said to be acting as a form of catalyst, with the carboxylic

concentration increasing as Cr is lost from the surface, as stated by Briggs et al. [374].

OH
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Figure 4.6 Proposed reaction pathway for sulfuric-chromic acid oxidisation of PE [286,373].

4.2.4 Time-of-flight secondary ion mass spectrometry of Sulfuric-

Chromic Acid Modified HDPE

Time-of-flight secondary ion mass spectrometry (ToF-SIMs) was used to further
understand the key functional groups present on the oxidised HDPE surface. Samples
were run and analysed by Dr Sarah Fearn, instrument owner, Department of Materials,
Imperial College London. ToF-SIMs is a highly sensitive surface analysis technique and
can detect species at significantly lower levels than other traditional surface
characterisation techniques, like XPS. This work was performed for untreated HDPE as
a control and for HDPE that has been 30 min oxidised with sulfuric-chromic acid
treatment. These results are shown in Figure 4.7. The data revealed for example that
the “as received” HDPE contains a low residual surface contamination with
polydimethylsiloxane (PDMS). Below in Figure 4.7 the most abundance ToF-SIMS peaks

present caused by sulfuric-chromic acid surface oxidisation are shown.
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Figure 4.7 ToF-SIMs results showing comparison of most common peaks found by total ion
intensity against m/z ratio for negative ions. The above (red) peaks are from functionalised 30
min sulfuric-chromic oxidised HDPE, and the bottom blue peaks are for the HDPE control

(untreated sample).

The ToF-SIMS negative ion spectrum of the 30 min chromic acid oxidised HDPE provided
revealed that there were significant organo-chromium species at m/z ratios of 95.9 and
96.9 corresponding to C;H40Cr ~and C;HsOCr . Indeed the species C;HsOCr ™ is the most
abundant negative ion fragment detected and is fully consistent with the chemical
structure of the reactive intermediate proposed by Blais et al. [286,373] and shown in
Figure 4.6. The control ToF-SIMS experiments conducted with untreated HDPE detected
no organo-chromium species as expected. The presence of organo-chromium species,
or rather more specifically chromate esters, has been suggested previously but not
explicitly identified using surface characterisation instruments, due to the low levels of
these species on the surface. Therefore this study is the first reported data to explicitly
demonstrate the presence of these species and confirm the mechanism of this reaction

[382].
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4.2.5 Surface Roughness of Sulfuric-Chromic Acid Modified HDPE

In these studies, surface roughness has been monitored as it is known to change
upon oxidisation treatment significantly. This change may in turn influence early-stage
biofilm activity and surface antimicrobial properties. Therefore, it is important to
monitor surface roughness to ensure its influence and contribution in future
experiments. Surface roughness data has been provided below along with example
profilometry images, see Figure 4.8. Overall, the reported results are very low values
for the average roughness (Ra) of between 1 and 2 um, and root mean squared average
roughness (Rqor RMS) during the 60 min of reaction time examined. Some variations
are noted, but again the overall level of roughness is low. When Schonherr et al.,
examined the R, of LDPE between 0-15 min and at 60 min time points, a more gradual
and progressive increase in Ry was observed, although measurements were not taken
between 15 and 60 min [285]. Overall, it can be concluded that some changes in surface
roughness of HDPE were observed, but overall, these surfaces are relatively smooth,

with oxidisation causing some small increases in Rzand RMS.

HDPE control
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Figure 4.8 Surface roughness parameters (R, and RMS) obtained from non-contact white light
profilometry of HDPE etched in sulfuric-chromic acid solution at 70 °C with increasing oxidation

time periods from 2 to 60 min. Two example 2D images have also been included.
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4.2.5 Assessment of Early-stage Biofilm Attachment on Sulfuric-

Chromic Acid Modified HDPE using CLSM

Having fully characterised the topographical, chemical and physical properties
resulting from the sulfuric-chromic acid etching for HDPE, these samples were assessed
against P. aureuginosa, our designated model organism, using CLSM to determine the
early-attachment behaviour of the early-stage biofilm. Initial microbial attachment is a
process that occurs within a few seconds to a few minutes, with the transition from
reversible to irreversible attachment being dynamic and difficult to determine over time
as there are many dependent variables involved [368]. The early-stage biofilm has been
represented here based upon a 30 min bacterial exposure to the challenge surfaces,
followed by sequential rinsing to remove the planktonic cells, as early-stage irreversible
attachment of bacteria is often considered to represent the onset of biolfilm formation
and attachment processes [64,383]. At this early phase of bacterial attachment and
initial biofilm development, research has shown that even at short-time periods, single
and dispersed bacterial cells can bind to surfaces and this adherent behaviour is heavily
governed by their ability to produce surface proteins that aid in surface attachment,
which will later develop into mature EPS films [383]. It is well accepted that the EPS
composition and quantity varies for different organisms, environmental conditions and
biofilm age, [384] although at this very early stage of 30 min static droplet exposure, it
is anticipated that EPS levels to be minimal, and potentially none. Therefore, the
composition of EPS did not warrant detailed investigation in this study. Indeed, COVID-

19 restrictions at the time has also prevented further experiments of this type.

Nucleic based dyes were used to assess the presence, and thus the attachment
exhibited by P. aureuginosa, using Syto™9 with the adoption of an assay originally
developed by Dr Palmer during his PhD [363]. CLSM is a useful method due to its ability
to directly measure semi-quantitatively the amount and the physical state of the
bacterial cells on the surface without the disruptive need to remove the cells from the
surface for evaluation and quantification. A Comstat 2.1 plug-in with Image J was used
to analyse the early-stage biofilm confocal images. The explicit function used was

‘percentage area occupied in layers’ from Comstat 2.1 which allows the number of set
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pixels found using the known pixel size and the covered area as a percentage of the
total slice size. In other words, it describes the area of the surface occupied by the P.
aureuginosa cells in the captured image [355]. Detailed information on the CLSM setting

and the experimental protocol can be found in Chapter 3 (Section 3.4).

These results reveal that surface sulfuric-chromic acid oxidisation significantly
decreases the number of P. aureuginosa cells that are surface bound, see Figure 4.9. In
fact, increasing the surface oxidisation time results in an exponential decrease in the
surface coverage of P. aureuginosa observed, with an 82% decrease in the percentage
surface area occupied by P. aureuginosa for the 30 min sulfuric-chromic acid oxidised
HDPE surface compared to the untreated HDPE sample. Figure 4.9 also provides
example confocal images which visually highlights the significant effect on P.
aureuginosa attachment from this treatment approach. Currently only one other report
which was published recently in 2020 by Erdmann et al. reveals that oxidised HDPE to
give reduced bacterial attachment at very early-stages of biofilm development. Their
study looked at HDPE exposed to fuel (diesel), as HDPE is commonly used for diesel
storage tanks, and some microorganisms are able to use diesel as an energy source and
grow under these conditions in these tanks which is undersiable. In their study the
extent of adhesion of P. geruginosa, after 10 min exposure on HDPE that has been UV
auto-oxidised, decreased upon increasing UV exposure, and thus increasing surface
oxidisation [368]. A similar result was reported by this same group when B. Subtilis
(Gram-positive) was also investigated and compared to the untreated surface. This
behaviour was directly attributed to the presence of oxidisation products on the surface
such as carbonyl and hydroxyl moeties. Furthermore, these observations were made
across two different types of HDPE materials by Edmann and his team which suggests
that this surface behaviour is irrespective of the specific HDPE sample used [368]. It is
important to note that other studies have also shown the presence of terminal active
oxidised groups, such as terminal exposed -OH groups, resulting in reduced protein and
cellular adhesion [385]. Some researchers have reported and described this behaviour
to be due to the ‘Water Barrier’ theory which was introduced in Chapter 2, particuarly
for PEG-based hydrophilic polymers [237,238]. Another possible explanation for

reduced microbial attachment exhibited could be the detachment of bacterial cells due
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to intrinsic cellular changes, such as the expression and integrity of surface appendages
or membrane integrity induced from contact with the exposed oxidised surface
containing hydroxyl and carboxylic groups. These chemical effects might result in
subsequent detachment of sessile cells from the surface. These possible explanations

will be explored further in this Chapter.
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Figure 4.9 % Area occupied by P. aureuginosa early-stage biofilm on HDPE surfaces versus
oxidisation time as determined using CLSM (N>14, +/- SE), where 3 samples were examined with
a minimum of four images taken of each sample. White spots are fluorescently labelled P.
aureuginosa species, images also include a positive control without P. aureuginosa exposure but

in the presence of the fluorescent Syto™9.
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4.2.6 Assessment of Early-stage Biofilm Viability on Sulfuric-Chromic

Acid Modified HDPE using CLSM

The viability of the early-stage biofilm formed on the various HDPE sulfuric-chromic
acid oxidised surfaces with increasing oxidisation times, was examined using four

different approaches.

e CLSM imaging using fluorescence probes (Syto™9 and Pl)

e Traditional agar culture techniques via viable plate colony enumeration of
recovered cells after biofilm scraping

e FCusing fluorescent probe, DiBAC4(3) after biofilm scraping

e Scanning Electron Microscopy

Agar disk diffusion assay

A LIVE/DEAD® BacLight™ Bacterial Viability Kit was utilised where the ratio of Syto™9/PI
fluorescence intensities is used as an indicator of cellular viability compared to a control
HDPE surface that has not been oxidised. Both dyes in the kit are intercalating nucleic
acid probes resulting in an enhanced signal when cell-bound, however they differ in
their permeability properties. The Syto™9 fluorophore stains all cells yet Pl stains only
membrane damaged and ruptured cells, with both dyes having a competitive binding
for the same active sites. Calibration curves can be found in the Appendix Chapter 3[E]

to show the activity of the dyes in our system.

These results suggest that although 2 min of reaction time may increase the number of
viable cells initially, 10 and 30 min sulfuric-chromic acid treatment has significantly
decreased cellular viability, particularly the 30 min treated surface which showed an
86% decrease when comparing the percentage area occupied in layers from the ratio of
Syto™9/PI to an untreated HDPE surface, see Figure 4.10. When the data for cellular
viability shown here in Figure 4.10 is considered with the cell surface adhesion data
shown in Figure 4.9, then both figures confirm a significant decrease in total attached
cells with increasing etching reaction time relative to the untreated control HDPE
surface. The 2 min HDPE oxidised surface shows an increase in the ratio of viable cells
from fluorescent staining compared to the untreated surface, but overall adhesion

amounts are still reduced. The viability ratio result for the 2 min oxidised sample, is
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possibly due to the reduced number of viable cells seen after etching for 2 min, which
causes reduction in the intensity of the signal in the ratio for the numerator. This
change is because although there are less cells present for the 2 min sample, the

percentage viable are higher.
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Figure 4.10 CLSM viability results of P. aeruginosa after sulfuric-chromic acid oxidisation of HDPE

Propidium Iodide

with treatment times of 2, 10 and 30 min, where (a) ratio of Syto™9/PI, (b) Syto™9 and (c) PI.
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Example images of Syto™9 stained cells have been provided in the upper row and the
corresponding Pl channel in the lower row (all cells stained are shown in green in the images),

at 1024 x 1024 pixel resolution.

To investigate the influence of the surface on P. aeruginosa early-stage biofilm viability
further, and to determine whether the biofilm is not only membrane damaged (PI
stained) but also if it is culturable, the early-stage biofilm was re-prepared on new
samples and examined for both membrane depolarisation using DiBAC4(3) (bis-(1,3-
dibutylbarbituric Acid) trimethine Oxonol), and for viability by plate cell counting after
biofilm dispersal via scraping. DiBAC4(3) is a membrane potential oxonol lipopholic
fluorescent dye molecule. This dye accumulates in the intracellular space of a cell which
has interior-positive membrane potential. Healthy bacteria maintain an electrical
potential gradient with a negative interior membrane potential, and this gradient is vital
for their function including ATP generation and substance transport, therefore such
dyes have been used as a measure of membrane integrity and energy status,
corresponding to a loss in viability [386]. DiBAC4(3) binds to the intracellular lipid-
containing elements and results in an increased fluorescence signal detected by FC

[346].

There is a clear change in membrane depolarisation in the P. aeruginosa biofilm as
DiBAC4(3) staining is apparent from the FC histogram plots for the sulfuric-chromic acid
oxidised HDPE samples, when compared to HDPE untreated surfaces where little to no
cells were stained with DiBACa(3), see Figure 4.11. When P. aeruginosa were recovered
by scraping using a cell-scraper from the prepared early-stage biofilm and cultured, the
10 and 30 min oxidised surfaces showed no colony growth after overnight culturing.
This observation could be caused by a combination of both reduced microbial
attachment and reduced viability which together achieve the significant decrease of 6-
log reductions, with no growth observed in this experiment; see Table 4.2. A 6-log
reduction was the maximum sensitivity range of our experimental protocol.
Furthermore, FC indicated a reduction of membrane potential of P. aeruginosa
recovered from scraping the early-stage biofilm, compared to the control surface, which

suggests a loss in viability of the attached cells. Additionally, agar disk diffusion
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experiments were performed. These samples did not form a ring of inhibition, which
was expected as this antimicrobial treatment approach does not leach away substantial
antimicrobial active agents from the polymer surface to cause a ring to form (see

Appendix for full agar disk diffusion photos in Chapter 4[C]).

Finally, this study was also repeated for P. aeruginosa on treated HDPE samples that
were aged (left untouched in a sealed vessel) for 1 month and 3 months at room
temperature and humidity to determine the longevity of the antimicrobial surface
properties under standard storage conditions. The environmental aging study data
reported in Table 4.2 showed that after 1 and 3 months of aging, both the 30- and 60-
mins treatments still showed a significant reduction of bacteria viability compared to
the untreated surface. However, the 10 min treatment has lost nearly all of its efficacy
and properties after 1 month of aging. This data infers that the 10 min sulfuric chromic
acid treatment is not viable as a long-term antimicrobial treatment approach for real-

world applications where long-term storage conditions are required.

Fresh 1 month 3 months
HDPE sulfuric-chromic acid P. aeruginosa P. aeruginosa P. aeruginosa
Treatment time (min) CFU/mL (Log1o) CFU/mL (Log1o) CFU/mL (Log1o)

0 6.7 +/- 0.007 5.9+/-0.4 6.6 +/-0.1

2 6.0 +/- 0.07 6.3+/-0.1 6.5+/-0.2

10 No growth 5.3+/-0.8 4.8+/-0.5

30 No growth 1.4+/-1.4 No growth

60 NA No growth No growth

Table 4.2 Viable plate colony enumeration for oxidised HDPE surfaces obtained by culturing
recovered cells after scraping the early-stage biofilm in PBS, and incubation of 15 h overnight
growth for P. aeruginosa exposed to samples that are fresh, aged for 1 month and 3 months
(NA=not available/not performed, +/- SD). T-test was not conducted as full data set was no

longer available.
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Figure 4.11 FC results showing a DiBAC4(3) histogram of the early-stage biofilm recovered from
scraping, the number of events has been given as counts in the gated area, which was set as
10,000. Calibration of the dye using FC and gating thresholds for this experiment has been

summarised in the Appendix Section Chapter 4[D].

SEM was performed on two reference samples for further examination of the surface.
Untreated HDPE surface and the 30 min sulfuric-chromic acid oxidised HDPE were
imaged, see Figure 4.12. The images demonstrated both the strong oxidising and
surface etching capabilities of this treatment created some surface topography changes
in HDPE, but also a significant difference in the number and morphology of the P.
aeruginosa cells attached, which can be seen clearly in the images (C) and (D) in Figure
4.12. It is important to note that SEM requires fixing of the cells as well as sequential
ethanol dehydration and drying to be suitable for imaging under SEM. This extensive
manipulation may have caused changes to the final image obtained as early-stage
biofilm are more susceptible to experiencing reversible detachment without prominent
EPS development. These SEM images also confirm that the EPS has not developed after

30 min static surface inoculation using a droplet (200 uL) of 0.2 OD (600 nm) culture of

P. aeruginosa in TSB.
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Figure 4.12 SEM images of (A) HDPE untreated, (B) HDPE 30 min sulfuric-chromic acid oxidised,
(C) HDPE untreated exposed to P. aeruginosa early-stage biofilm, and (D) HDPE 30 min sulfuric-

chromic acid oxidised exposed to P. aeruginosa early-stage biofilm.

The microbial study was also extended to E. coli and S. aureus to determine the
antimicrobial efficacy of these HDPE surfaces against other model organisms which are
known to readily form biofilms, and to see also how it would perform for a Gram-
positive bacterium in the case of S. aureus. Table 4.3 provides the viable plate colony
counting results for E. coli and S. aureus early-stage biofilms tested. E. coli, like that of
P. aeruginosa, showed no growth following 30 min oxidisation, however the same was
not observed for S. aureus. Therefore, 60 and 120 min HDPE oxidised surfaces were also
prepared and also tested against S. aureus to see if longer oxidisation treatment of
HDPE would have any influence on the Gram-positive organism. But the growth and
viability remained unchanged. This observation suggests that it is likely that the
presence of the thicker cell walls of a Gram-positive specie like S. aureus (20-80 nm),
which is made up of mainly thick layers of peptidoglycan below the cell membrane,

provides an added protection from environment and chemical stresses such as those
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associated with surface-active oxidised materials [387,388]. The cell wall of bacteria are
known to determine the cell shape, serve as a scaffold for anchoring other cell envelope
components such as proteins, and provides resistance from the intracellular turgor of
the cell [389-391]. In contrast, Gram-negative bacteria have a thin cell wall (<10 nm)
[388]. These results have been seen in other reports. For example Prochnow et al.
revealed that differences in bacterial outer cell walls and its effectiveness in self-
protection has allowed Bacillus subtilis (Gram-positive bacteria with 55.4 nm cell wall)
to resist significant viability losses from exposure to cold atmospheric-pressure plasma
treated surfaces, whereas P. aeruginosa (2.4 nm cell wall) was almost completely
eradicated with the same surface treatment [388]. Furthermore, it suggests that the
activity of sulfuric-chromic acid oxidised HDPE materials are heavily reliant on their
ability to interact and influence the bacterial cell wall to impart their antimicrobial

surface impact on the early-stage biofilm.

HDPE sulfuric-chromic acid E. coli S. aureus
treatment time (min) CFU/mL (Loguo) CFU/mL (Loguo)

0 6.4+/-0.10 6.3+/-0.14

2 6.3 +/-0.20 6.4 +/-0.01

10 6.3+/-0.14 6.2 +/-0.08

30 No growth 6.4 +/-0.19

60 NA 6.5 +/-0.12

120 NA 6.6 +/- 0.05

Table 4.3 Viable plate colony counting for oxidised HDPE surfaces obtained by culturing
recovered cells of E. coli and S. aureus after 15 h overnight growth for E. coli and S. aureus

(NA=Not available/not performed, +/- SD).

The CLSM viability study was also performed for S. aureus and E. coli. In both cases it
was found that the ratio of Syto™9/PI decreases as the etching time increases. For the
Gram-positive bacteria though the change is less drastic than that observed for P.
aeruginosa compared to S. aureus, see the example images provided in Figure 4.13. The

reduction in this ratio is largely attributed to the total loss of cells adhered, which is
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visibly apparent in the example images provided and obtained from the CLSM
experiments. (The initial attachment assay using Syto-9™ solely were not conducted for
these two organisms for comparison due to COVID-19 access limitations). These results
are mirrored in the results obtained from E. coli studies in Figure 4.14. For E. coli, the
values for Syto™9 and Pl have been provided as an average for each etching time (0, 2,
10 and 30 min), the results shows that the Syto™9 percentage area occupied to
decrease as etching time increases, with limited Pl intensity changes. This data suggests
that the antiadhesive property of the surface still impacts on both E. coli and S. aureus,
even though S. aureus did not show a change in colony growth from studies reported in
Table 4.3. The reason why the loss in viability from colony counting and culture growth
experiments were not seen in S. gureus may be because there are still a significant
amount of cells present on the 30 min sulfuric-chromic acid HDPE, which overtime,
when cultured can grow and thrive, to reach values similar to that of an HDPE untreated
sample, when left overnight. Nevertheless, the clear reduction in attached cells from
this treatment method is visible visually in the example images provided in Figure 4.13
and Figure 4.14. Although this reduction in attached cells of S. aureus may not be
significant when the cells are recovered and cultured for colony enumeration assay on
agar, this antiadhesive property may prove useful to help perturb biofilm formation if
untouched. Reduced biofilm attachment has shown in itself to be influential in reducing
biofilm formation in many instances and is a key approach by many technologies in

combating biofilm proliferation [392,393].
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Figure 4.13 CLSM viability images of S. aureus upon exposure to sulfuric-chromic acid oxidisation

Syto-9

Propidium Iodide

of HDPE with treatment times of 2, 10 and 30 min; where (a) the ratio of Syto™9/PI, (b) Syto™9
and (c) PI. Syto™9 stained example images of cells have been provided in the upper row and the
corresponding Pl channel in the lower row (all cells are to be shown in green in the images), at

1024 x 1024 pixel resolution.
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Figure 4.14 CLSM viability study of E. coli changes upon sulfuric-chromic acid oxidisation of HDPE
with increasing treatment times of 2, 10 and 30 min, (a) ratio of Syto™/Pl, (b) Syto™9, and (c) P!
channels. Syto™9 stained example images of cells have been provided in the upper row and the
corresponding Pl channel in the lower row (all cells are to be shown in green in the images), at

1024 x 1024 pixel resolution.

155



These viability assays have demonstrated the substantial short-term killing capabilities
of oxidised HDPE. There is a clear mode of action pertaining to loss of membrane
integrity which was reflected in both FC and confocal microscopy imaging using two
separate and independent fluorescent dye studies. The surface influence on reducing
P. aeruginosa and E. coli viability may be attributed to the active surface chemistry of
the oxidised HDPE. This chemistry could be from the presence of acid or alcohol exposed
groups, surface chromium species, surface potassium residues, or sulfur oxidised
functionalities present at the surface. It has already been shown that COOH groups are
highly antibacterial. Gizdavic-Nikolaidis et al. have patented emeraldine salt forms of
copolymers due to their antibacterial efficacy as it was discovered that the acidic groups
on the molecular chains were essential for bacterial cell death via cell membrane
breakage [394]. Chromium has also been extensively examined for its biofilm reducing
abilities and has shown to be successful in many different forms, including CrOs
nanotechnology, Cr(lll) and Cr(VI) complexes [395-397]. The primary mode of the
antibiofouling performance of these oxidised HDPE surfaces may be attributed to
inducing loss of bacterial cell membrane integrity and potential as these are known
variables that have previously shown to effect bacterial initial cell adhesion significantly
against P. geruginosa, such as effecting EPS production and cell to cell signalling [398].

Further investigation of these possible reasons will be investigated later in this Chapter.

4.2.7 Evaluation of Alternate Oxidative treatments against Sulfuric-

Chromic Acid Oxidisation on HDPE

To understand how the surface modifications that have caused the large
antiadhesive properties and the accompanying antimicrobial result, it was decided to
utilise two other surface oxidisation approaches for comparison to see if oxidisation
alone will suffice in producing an antimicrobial HDPE surface, or are the surface
antimicrobial results caused by specific features of the sulfuric-chromic acid treatment
alone. Figure 4.15 outlines the two alternative oxidisation methods chosen in more

detail, comprising of UVO oxidisation and sulfuric acid heat treatment.
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The oxidisation treatment times for these two new methods have been decided using
ATR-FTIR spectroscopy and further validated with XPS analysis data. This validation is
because it was important to create a surface with specific chemical properties to
compare with the sulfuric-chromic treatment. These new oxidisation treatments were
chosen to be deficient in sulfur moieties, carboxylic moieties or chromic containing
residues; our three most likely antimicrobial chemical surface attributes. Below the
ATR-FTIR spectra of HDPE oxidised with the new treatment periods of sulfuric acid and
UVO are shown. Time-exposure progression of sulfuric acid and UVO oxidisation using

ATR-FTIR can be found in the Appendix Chapter 4[E].
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Figure 4.15 ATR-FTIR of HDPE oxidised with sulfuric-chromic acid for 30 min, and sulfuric acid
for 15 min and UVO for 20 min; the spectra has been annotated with key functional groups that

have formed following these oxidisation treatments.

The ATR-FTIR spectra of the three oxidised materials (Figure 4.15) show significant
levels of oxidised species from the different treatments, with sulfuric-chromic acid
being the most oxidised. UVO does not show a significant broad band in the region of
3500-3700 cm™ compared to the other two approaches, however this deficiency can be
explained in terms of practicality. Sulfuric and sulfuric-chromic acid treatments are

aqueous approaches which can be very difficult to fully dry and remove residual water
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contaminants as the surface has become significantly hydrophilic, even with extensive
vacuum drying in the presence of a desiccant (silica) and drying in the oven (65 °C, 4 h
minimum). When XPS was performed on these surfaces, it was found that the C1s core
level scans show clearly that oxidisation by UVO and chromic-sulfuric acid introduces
significant surface concentrations of carboxylic acid moieties, whereas the sulfuric acid
treatment alone largely introduces ketones and alcohols groups, see Figure 4.16 (a-d)
[399]. Sulfuric acid hot treatment of HDPE (15 min) did not result in significant enough
oxidisation to produce substantial carboxylic acid species, as the expected carboxylic
peaks at 288.8-289.0 eV [399] were not prominent in the C1s spectrum scan, see Figure
4.16 (c). Therefore sulfuric-acid treatment (15 min) provides a surface with high sulfonic
moiety concentrations but lacks carboxylic surface groups. This treatment is beneficial
in order to compare the antimicrobial properties of sulfonic groups independently.
Furthermore, this approach does not introduce chromium and potassium at all to the
surface, which is advantageous to also assess the influence of the deficiency of these
species in the antimicrobial performance of these materials, in comparison to other
materials in this study. It was found that both the sulfuric acid hot treatment and the
sulfuric-chromic acid etching methods introduced 7.7-10.0% sulfur to the surface of
HDPE, see Figure 4.5 (a). On the other hand, UVO treatment introduced significant
amounts of carboxylic moieties to the surface, see Figure 4.16 (b), and does not
introduce sulfonic surface groups, therefore allowing the evaluation of the
antimicrobial performance of carboxylic groups independently. The ability for UVO
treatment to provide significant carboxylic groups to the surface has been seen and

supported in other literature studies using this oxidisation approach on PE [400].
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Figure 4.16 XPS carbon 1s core level scan with a 400 um spot size of HDPE oxidised surfaces for

(a) untreated, (b) UVO treated, (c) sulfuric acid treated and (d) sulfuric-chromic acid treated.

Contact angles studies with water and DIM have been performed and Fowke’s Theory
was used to calculate Y5, of the HDPE modified substrates, see Table 4.4. The untreated
HDPE surfaces did not exhibit a significant polar contribution to its surface free energy
as would be expected for a hydrocarbon-based polymer like HDPE. However, after
oxidisation, a lot more of the surface free energy contribution can be attributed to polar
surface properties. UVO HDPE treatment offered the highest degree of hydrophilicity
and translated to a SFE ygy of 59.8 mJ/m?, with a water advancing 6 decrease of ~ 52 °

from ~ 90 °.
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Water 6 DIM © Yv Ysv Ysv

HDPE Surfaces
() () (mJ/m?) (mJ/m?) (mJ/m?)
Untreated 88.7 +/- 0.5 43.7 +/-2.7 2.0+/-0.7 37.7+/-1.4 | 39.7+/-2.1
uvo 36.8 +/-0.5 479+/-1.4 24.4+/-1.4 35.4+/-0.7 59.8 +/- 0.6
Sulfuric acid 41.6 +/-1.3 41.9+/-1.3 17.0+/-1.7 38.6 +/-0.7 | 55.6+/-1.0

Sulfuric-chromic acid = 51.8 +/-0.2 40.4 +/-3.3 9.1+/-1.5 394+/-1.7 @ 48.5+/-0.6

Table 4.4 Advancing water and DIM contact angles 8 for HDPE surfaces; untreated surface, UVO,
sulfuric acid and sulfuric-chromic acid oxidised HDPE surfaces, y5, and y&, are the dispersive

and polar components respectively of the surface free energies.

XPS has shown that the C surface content has reduced by half, and there is an average
of 33 +/- 5% O relative atomic abundance which increased following the use of the three
surface oxidisation approaches, compared to the 2% of O found in the control, see
Figure 4.17. The 2% of O on the control untreated surface is due to the presence of a
low amount of PDMS contamination. Only the sulfuric-chromic acid oxidised HDPE
contained residual Cr and K which was found to be at 1.7% and 1.1% respectively.
Surprisingly, UVO treatment introduced the least amount of O to the surface, see Figure
4.17. However, the UVO HDPE oxidised sample did contain significant silicon
contaminants of about 11% which was seen. This contamination was later found to be
due to variations of levels of silicon added from industrial manufacturing factors which

resulted in a PDMS layer on the HDPE being found.
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S, Cr and K) of HDPE oxidised surfaces.

Surface roughness determinations were obtained from white light profilometry studies,
see Figure 4.18. The results revealed increases in surface R, of about 1 +/- 0.3 um for all
three oxidisation approaches. Sulfuric-chromic acid oxidisation did not show a
significant difference in the R, and RMS values which suggests limited numbers of
random surface cracks and changes in the overall topography have occurred, compared

to the other two approaches.
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Figure 4.18 Profilometry results from HDPE oxidisation using three different approaches
(sulfuric-chromic acid etching, UV/ozone, and sulfuric acid; with average roughness (R,) and the

root mean squared average roughness (RMS) provided, N=3.
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These prepared surfaces have been exposed to P. aeruginosa early-stage biofilm using
the cell colony assay of the recovered biofilm bacteria. The results show that sulfuric-
chromic acid oxidisation to caused a 5.2-log reduction in P.aeruginosa when re-tested
in this experiment, when compared to the untreated HDPE surface, with no reduction
seen using sulfuric acid and UVO treatments for HDPE, see Table 4.5. Both the sulfuric
acid and the chromic-sulfuric acid introduced similar amounts of sulfonic moeties to the
surface, and therefore it is evident that these sulfonic groups are not the antimicrobial
active species because of the lack of antimicrobial performance in the sulfuric acid
oxidised HDPE samples. In addition UVO treatment of HDPE produced surface
oxidisation with significant levels of -COOH groups being introduced, and this group also
did not confer any biocidal impact. This result implies that the antibiofilm properties
seen from sulfuric-chromic acid oxidised HDPE must be attributed to surface species
that are not associated with the other two oxidisation methods. Therefore, the residual
levels of K and/or Cr that has been found present on the surface after sulfuric-chromic
acid oxidisation may be the key antimicrobial species. The presence of organo-
chromium species from the Tof-SIMs of HDPE oxidised with sulfuric-chromic acid shows
the presence of reactive Cr ester intermediates such as C;HsOCr", formed from the
oxidisation process. These species are known to hydrolyse and liberate Cr species which
can possibly affect the bacterial cell membrane, its permeability and membrane
potential. There are significant reports in the literature to confirm the solution
antimicrobial credentials of Cr species. Jaberi et al., prepared protein nanoparticles
loaded with Cr3* and found an antibacterial effect against two strains of E. coli with
varying antibiotic resistance profiles. Without the Cr3* being present there was no
antibacterial effect. These nanoparticles were able to inhibit biofilm growth and
formation [401]. The antimicrobial activity of Cr3* complexes with different ligands is
well established and has been demonstrated and explored in various reports
[402,403]. The activity of Cr®* may be attributed to its high chelating ability as it is
regarded as electron-deficient and can therefore participate in electron transfer free
energy reactions (donor-acceptor mechanism) resulting in the oxidisation of susceptible
molecules [404]. Surface roughness is not thought to be a contributing factor as the
other two oxidisation approaches used also introduced a similar level of surface

roughness to HDPE. Surface profilometry data shows that, within error, the sulfuric and
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chromic-sulfuric oxidised surfaces have similar average roughness levels; therefore,

substratum surface roughness is not seen as a factor in the antimicrobial activity.

P.aeruginosa

HDPE Surfaces
CFU/mL (Log1o)
Untreated 6.6 +/- 0.09
UV/ozone 6.5 +/- 0.03 {p=0.01}
Sulfuric acid 6.4 +/- 0.02 {p=0.004}
Sulfuric-chromic Acid 1.4 +/- 1.4 {p=0.0003}

Table 4.5 Early-stage biofilm viability from cell colony enumeration after exposure to various
oxidised HDPE surfaces for 30 min static P. aurginosa exposure. {p-value} determined by t-test

and compared to HDPE untreated results.

4.2.8 Chromic-Sulfuric Acid Oxidisation on Alternative Polymers

including (PC, PP, PS and PVC)

As the sulfuric-chromic acid treatment of HDPE led to a substantial reduction
P.aurginosa and E. coli viability, it was decided to apply this treatment method to a
wider range of commonly used industrial polymers including polycarbonate (PC),
polypropylene (PP), polystyrene (PS) and poly vinyl chloride (PVC) to determine whether
this treatment could oxidise these polymers and impart antimicrobial functionality
against early-stage Gram-negative bacterial biofilms. These surface modifications were
conducted using 30 min treatment time as this reaction time has proven highly effective
in the study with HDPE. It is important to note that there are no reported investigations
of sulfuric-chromic acid oxidisation and its influence on antimicrobial properties on the

additional polymers studied here.

Characterisation of these newly modified polymer surfaces was performed with XPS and
contact angle goniometry. XPS surface analysis of 30 min sulfuric-chromic acid oxidised
polymers has shown that the treatment causes varying degrees of oxidisation which is
polymer dependent, see Figure 4.19 (a-d). For example, oxidisation of PP has resulted

in a 12.4% increase in surface O content with the introduction of carboxylic moeties,
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whereas PVC showed no change in oxygen content, although there was an increase in
possible alcohol/ester moeties at the surface. It was found that sulfuric-chromic acid
oxidisation was not effective in oxidising PVC, but instead caused a migration of Cl
species to the surface. PS and PP saw significant oxidisation, whereas with PC there
were only a 7% increase in O surface abundance with a loss of surface carboxylic acid
moieties. PS oxidation resulted in a significant ketone introduction at the surface,
though few carboxylic functionalities were introduced. However, PP shows the
presence of carboxylic groups [399]. Full survey scans can be found in the Appendix

under Chapter 4[F].
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Figure 4.19 Carbon XPS 1s core level scans of untreated and 30 min sulfuric-chromic acid surface
oxidised polyolefins: (a) PP, (b) PC, (c) PVC, and (d) PS, as well as percentage relative atomic

surface composition. K has been included where its presence has been found in XPS.

Contact angle goniometry measurements revealed that PP exhibited the largest
increase in surface hydrophilicity of all the polymers examined. This change
corresponded to a 75 ° decrease in the advancing contact angle 8 for water, see Table
4.6. This change can be largely attributed to the O content increasing. There is an overall
positive correlation in increasing the percentage of relative atomic abundance of O from
XPS measurements with reductions in the water advancing 8 for most materials,
although PVC is an exception to this trend. PVC has shown no significant change in the
percentage of relative atomic abundance in O content from XPS measurements,
however there was an observed increase in hydrophilicity from the contact angle
studies. This increase can be attributed to the migration of chlorine which added 10%
additional chlorine at the surface following the oxidisation procedure Figure 4.19 (c).
These surfaces were then exposed to P.auruginosa early-stage biofiolm for assaying.
Overall, colony cell enumeration of the scapred early-stage biofilm only revealed PP to
have shown a reduction in biofilm viability, even though PS was also significantly
oxidised by sulfuric-chromic acid oxidisation, see Table 4.6. The oxidised PP result is not
as large as the 5.2-log reduction from the HDPE sulfuric-chromic acid oxidised materials.
Nevertheless, the PP images of the P. aeruginosa biofilm recovered demonstrates a

significant 3-log reduction.
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Water 8 DIM 8 e vy Ysv XPS Ratio C:0 P. geruginosa

Surfaces
() () (mJ/m?2) | (mJ/m?)  (mJ/m?) = % Abundance CFU/mL Logio
HDPE 88.7 +/-0.5 43.7 +/-2.7 2.0 37.7 39.7 48.0 6.6 +/-0.1
1.4+/-1.4
Ox-HDPE 51.8+/-0.2 40.4 +/-3.3 9.1 39.4 48.5 1.4
{p=0.0003}
PP 95.4+/-0.5 71.0+/-2.8 0.03 223 223 13.8 6.5 +/-0.1
3.5+/-0.2
Ox-PP 20.5 +/-4.1 45.3 +/-4.6 33.8 36.8 70.6 3.7
{p=1.4x101}
PVC 86.4+/-0.3 40.9 +/-1.7 1.7 39.2 40.9 5.7 6.4 +/-0.1
Ox-PVC 64.6 +/-0.9 17.6 +/-4.2 0.2 48.4 48.6 5.1 6.2 +/- 0.2 {p=0.1}
PC 85.9+/-0.4 18.9 +/-0.6 5.1 48.1 53.2 5.5 6.4 +/-0.1
Ox-PC 52.5+/-1.7 12.9 +/-1.4 3.2 49.5 52.7 3.2 6.3 +/- 0.2 {p=0.2}
PS 93.5+/-0.4 NA* 16.7 6.4+/-0.2
Ox-PS 48.0 +/- 1.5 NA* 3.8 6.4 +/-0.1 {p= 0.9}

* DIM could not be used for PS as material dissolves and degrades in this solvent

PP-untreated (N=6) PP- 30 min chromic-sulfuric (N=6)

Table 4.6 Water and DIM advancing © for the polymers examined, and the calculated surface
free energies (Fowke’s Theory), XPS elemental surface % C:0, and P. aeruginosa viability results
following 30-min surface exposure to form an early-stage biofilm. PP and sulfuric-chromic
treated PP colonies images shown. T-test were conducted relative to respective polymer

controls, {p=value}.

PE and PP have a heterogenous polymer morphology comprising of a mixture of
amorphous and crystalline components. It has already been demonstrated that chromic
acid oxidisation occurs preferentially within the amorphous components, with the

resultant surface after oxidisation containing increased crystallinity [285]. The
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diminished antimicrobial activity in PP can be explained by its lower fraction of
secondary carbon groups, which results in a lower concentration of chromate ester
species. XPS revealed that the 30 min sulfuric-chromic acid oxidised PP to contain only
0.7% Cr, see Figure 4.19 (a), whereas 30 min sulfuric-chromic acid oxidised HDPE

contained 1.7% Cr, see Figure 4.17.

4.2.9 Recyclability and Water Stability of Sulfuric-Chromic Acid
Modified HDPE

It has been established thus far that sulfuric-chromic acid oxidisation is able to
reduce early-stage biofilm adhesion and viability for HDPE and PP, with evidence
highlighting the 3 month sample durability for HDPE when left under standard room
conditions (25 °C and 40%RH). To determine the limitations of this modification further,
sulfuric-chromic acid oxidised HDPE was sterilised (using 80% ethanol) and re-used to
determine the stability limitations of these coated materials after repeat cycle useage.
This test will be important in determining possible applications for these materials and
also understanding the surface reactivity towards antimicrobial solutions. The
experiment was performed over a period of 5 h, the samples were used as normal
following a 30 min P.ageruginosa static droplet exposure for early-stage biofilm
development, with the resultant biofilm then being scraped for agar overnight colony
counting. After this first use (first cycle), the samples were sterilised in the same format,
dried near a flame, and re-used up to four times following the same protocol for early-
stage biofilm assessment with P. aeruginosa. Furthermore, a set of freshly pre-prepared
sulfuric-chromic acid oxidised HDPE samples were exposed to 24 h in DI water, and their
antimicrobial performance assessed against an early-stage biofilm of P. aeruginosa to
see how extended exposure to water alone would influence the biocidal surface

properties.

The data showed that the anti-biofilm properties were completely lost after the first
use (cycle 1) which corresponds to the first water immersion event, see Table 4.7. The
P. aurgionsa colonies formed after overight culturation remained consistent and were

unchanged from cycles 2-4, and was similar to the untreated HDPE surface. Exposure of
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the 30 min HDPE surfaces to a complete 24 h submersion in DI water against P.

aeruginosa early-stage biofilm also resulted in the complete inactivation of the surface,

see Table 4.7.
Untreated HDPE 30 min sulfuric-chromic treated HDPE
Runs CFU/mL (Loguo) CFU/mL (Log1o)

Cycle1 6.4+/-0.2 No growth {p=7.7x1016}
Cycle 2 6.2+/-0.1 6.4 +/- 0.3 {p=0.2}
Cycle 3 6.2+/-0.1 6.6 +/- 0.2 {p=1.8x10"}
Cycle 4 6.5 +/-0.2 6.5 +/-0.1 {p=0.7}

24 hr water immersion 6.3+/-0.4 6.3 +/- 0.1 {p=0.9}

Table 4.7 HDPE sulfuric-chromic acid treated surfaces and their antimicrobial performance on
P. aeruginosa early-stage biofilm viability following multiple washing and use cycles, as well as
24 h water immersion study to evaluate the influence of excessive water exposure, {p-values}

determined by a t-test and compared to samples of each according cycle.

The overall results from the aqueous stability study suggest that the antimicrobial active

species has been lost under these conditions. There may be three possible reasons:

e Physical scraping to remove the early-stage biofilm for assaying has resulted in
the loss of antimicrobial functionalities

e Loss of antimicrobial functionality due to take up of antimicrobial agent by
biofilm after cycle 1

e Sequential dipping in water to remove planktonic cells and/or the 80% ethanol

cleaning has caused removal of the antimicrobial surface species after cycle 1

Therefore, to determine the outcome, the chemical composition of surfaces after the
first cycle (cycle 1) were investigated to further decipher these chemical changes. As a
result, XPS was performed on the HDPE samples exposed to 30 min of sulfuric chromic
treatment after and before cycle 1, see Table 4.8. These samples had to be sterlised
before XPS analysis with ethanol (80%) cleaning. The center of the square coupon which

had biofilm contact was compared with the coupon edge to determine if any significant
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surface elemental compositional differences were present due to biofilm contact. The
results indicate again that there were no differences in chemical composition from the
center versus the outside of the coupon, within error. Also, upon use, O, Cr and S
content has significantly been reduced with a ca. 23% reduction in O content as well as

a ~1.3% reduction in Cr compared to controls.

% Relative Atomic Abundance

Unused/fresh Unused/fresh
Abundant After Cycle 1 After Cycle 1 / /
. samples samples
Elements (Centre) (Outside) i
(Centre) (Outide)
Carbon 51.7 50.4 85.3+/-1.5 82.8+/-1.2
Oxygen 37.7 36.0 12.5+/-1.3 14.9 +/-0.7
Chromium 1.7 2.0 0.5 +/- 0.07 0.7 +/-0.1
Sulfur 7.7 7.7 0.8+/-0.2 0.8 +/-0.1
Potassium 14 3.9 0.0 0.0

Table 4.8 XPS percentage relative atomic abundance of 30 min oxidised HDPE sulfuric-chromic
acid treated samples, tested against P. aeruginosa early-stage biofilm. Controls (unused/fresh

samples) have been provided for each for comparison.

Furthermore, samples submerged in DI water for 24 h and 7 days under standard
conditions and RT, were examined under XPS to further corroborate how water alone
influences the surface composition over time. It was found that after 24 h there was a
substantial loss of surface O, amounting to a 1/3 decrease; this decrease remains
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constant even after 7 days with about 14-15% atomic O found. The C content saw a 42%
increase after 24 h, which also remained constant even after 7 days submersion in DI
water, see Figure 4.20 (a). Analysis of the core level Cls shows loss of carboxylic acid
groups from the surface due to hydration, see Figure 4.20 (b). The Cr surface content

decreased from 2.4% to 0.6% for the fresh sample to the 24 h hydrated samples.

(a) XPS of HDPE Hydrated Samples (Fresh, 1

day and 7 days) (b) XPS C1s HDPE Hydrated Samples

(1 day, 7 days)

Fresh 1 day 7 days 30000
Carbon 39.7 82.2 83.1 20000
Oxygen 46.6 14.8 14.4 10000
Chromium 2.4 0.6 1.1 0
290 288 286 284 282 280
Potassium 1.3 0.0 0.0 Binding Energy (eV)
——HDPE Fresh —— 1 Day —— 7 Days

Figure 4.20 XPS measurements of surfaces exposed to prolonged water submersion, (a) %
relative atomic abundance of core elements found at the surface; (b) carbon 1s core level scan
of fresh (not hydrated), 24 h hydrated and 7 days hydrated HDPE sulfuric-chromic acid oxidised

surfaces.

CLSM was used to assess P.aeruginosa early-stage biofilm on 24 h hydrated samples,
compared with fresh non-hydrated samples, see Figure 4.21. These results confirm that
sample immersion in water for 24 h has caused a loss in the antimicrobial effect.
Interestingly the 2 min oxidisation treatment time with sulfuric-chromic acid on HDPE
only resulted in a small increase in viability (ratio of Syto™9/PI) after submersion in DI
water, Figure 4.21 (a). However, when examinig the CLSM results for the separate
channels of Syto™9 and Pl in Figure 4.21 (b) as an average for each oxidisation reaction
time (0-30 min), a gradual reduction in the amount of Syto™9 signal intensity is
observed, with increasing oxidisation time; although this does not translate to a
reduction in viability from the colony counting experiment. This suggests that the

antiadhesive properties of these materials are still prominent, however to a lesser
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extent as there is still a lot of attached cells from submersion in water for 24 h. After 24
h there is a significant loss of the biocidal species, therefore the antiadhesive properties
of the material can be attributed to the oxidisation and introduction of polar O moeties
at the surface. This hypothesis has been proposed by others, and has been discussed
and mentioned in the introduction of this Chapter. Furthermore, this also further
highlights the importance of using different microbiological assays to examine and
assess the antimicrobial performance to determine the full extent and biocidal property

of a surface in greater detail.

120 80

= L —— Syto-9 (1 Day Hydrated)
o o —e— Syto 9 (Fresh)
s > 60 —e— PI (1 day Hydrated
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Figure 4.21 (a) P.auruginosa initial biofilm exposed to non-hydrated and 24 h hydrated samples;
(b) CLSM of P.auruginosa initial biofilm on sulfuric-chromic acid oxidisation HDPE and the

changes in Syto™9 and Pl channels summised versus increasing oxidation time.

4.2.10 Comparison of Cr-oxyhydroxide coating to Sulfuric-Chromic

Acid Treatment on HDPE

A key question to be answered is what is the critical water-soluble surface
species present which confers these antimicrobial properties? Complex pH-dependent
equilibria are known to occur in ‘chromic-sulfuric acid’ solution systems, and it is known
that the sulphate complex CrO3(0S03)? can be formed [405]. Another possibility are
chromate esters which are well established intermediates in the oxidisation of
hydrocarbons [18]. So, it is possible that intermediate or insoluble products of this

chemistry are present on the treated surfaces. Chromic acid has a strong preference for
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reacting with secondary carbons, making amorphous PE a suitable substrate for
reactions producing chromate esters. To understand this topic further a separate small
study was conducted to compare the leaching of Cr species using ICP-MS, compared to
a model Cr containing surface thin-film to determine the importance of Cr leaching in

the antibacterial behavior.

Cr-oxyhydroxide materials were prepared, and dip-coated onto HDPE which had been
oxidised with UVO and sulfuric acid treatments (UVO-SA). The synthesis procedure was
adopted by Yang et al. to prepare CrO(OH).2H,0 at pH 10 overnight and involved a
hydrothermal processing step to increase crystallization, however crystallisation of the
materials in this study may not be advantageous, therefore samples with and without
hydrothermal treatment (HT) were prepared [349]. XRD confirmed the successful
synthesis of the Cr-oxyhydroxide colloids when compared with XRD by Yang et al. [349],
see Figure 4.22. The HT process does show increase in crystallinity, with the Cr-

oxyhydroxide prepared being comparable in peaks with data by Yang and co-workers.
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Figure 4.22 XRD pattern of Cr-oxyhydroxide materials obtained with and without hydrothermal
(HT) processing on the left, preparation involved pH 10 conditions and 15 h overnight HT
treatment for HT treated sample. XRD of samples prepared by Yang and co-workers have been

provided on the right for comparison.

XPS was performed on the Cr-oxyhydroxide/HT powders and films on HDPE to
determine the success of the coating procedure. The % elemental abundance of key

elements obtained from XPS has been provided in Table 4.9. The use of carbon tape for
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the measurement of the Cr-oxyhydroxide/HT powders results in a carbon elemental
abundance of 6-12%. The importance of surface polymer oxidisation and the
preparation of coatings has been demonstrated here, as the surfaces without

oxidisation showed no Cr to be present at all.

HDPE Modified Materials C o Cr S
Cr-oxyhydroxide powder 17.6 63.4 19.0 0.0
Cr-oxyhydroxide powder HT 6.9 67.2 259 0.0
HDPE Cr-oxyhydroxide 94.5 3.7 0.0 0.0
HDPE Cr-oxyhydroxide HT 91.6 5.6 0.0 0.0
HDPE ox-Cr-oxyhydroxide 50.1 38.4 8.1 2.6
HDPE ox-Cr-oxyhydroxide HT 27.4 53.3 114 4.4
HDPE ox 63.8 239 0.0 6.1
HDPE untreated 98.0 2.0 0.0 0.0

Table 4.9 XPS based % surface elemental abundance. The Cr-oxyhydroxide/HT powder was
measured using an adherent carbon tape. HT: hydrothermal treatment, ox: UV/ozone oxidised
(20 min) then sulfuric acid oxidised (15 min, 90-100 °C). Sulfur was included as oxidation using
sulfuric acid introduces sulfur surface moieties. Full XPS survey scans can be found Appendix

Chapter 4[G].

AFM imaging was performed on the successfully coated Cr-oxyhydroxide/HT HDPE
samples (HDPE oxidised samples), and the images are shown in Figure 4.23. HT
treatment shows clear variation in the film coating prepared with more globular surface
aggregates present in the HT film, and larger repetitive structures in the non-HT film.
DLS was performed on the solutions for the Cr-oxyhydroxide/HT prepared, and this test
revealed that agglomeration of the coating solution had occurred with these samples,
where the average volume weighted mean particle size was 23.3 um for the HT solution,
and 58.8 um for the non-HT solution. Although the film prepared contains agglomerate
clusters, the significant presence of Cr is apparent and key in our intention to evaluate

the antimicrobial property of this element.
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HDPE untreated HDPE oxidised (UVO-SA)

505 N/m 1.08 Nfm

0 N/m

2 um x2 um, slope fit, QI™ imaging mode, 512 x 512 pixel 2 um x2 um, slope fit, QI™ imaging mode, 512 x 512 pixel

HDPE ox-Cr-oxyhydroxide HT HDPE ox-Cr-oxyhydroxide

2,41 N/m

0 N/m

2 um x2 um, slope fit, QI™ imaging mode, 512 x 512 pixel 2 um x2 um, slope fit, QI™ imaging mode, 256 x 256 pixel

Figure 4.23 AFM imaging of oxidised (ox) HDPE with UVO-SA treatment, coated with Cr-
oxyhydroxide films and the relevant controls. A slope fit has been provided as affords the clearest

images.

The colony counting experiment via scraping of the early-stage biofilm was performed
on these samples against E. coli and S. aureus to determine if a Cr containing coating is
sufficient alone in producing an antimicrobial effect. Here a surface was prepared with

a higher Cr surface concentration present than the sulfuric-chromic acid oxidised HDPE
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surfaces. These Cr-oxyhydroxide films contained 8.1-11.4 % Cr when HDPE is pre-
treated (oxidised) before coating with the Cr-oxyhydroxide film. The viability results
have been provided below in Table 4.10. The results show that there was no
antimicrobial effect observed with these materials against the early-stage biofilm of E.

coli and S. aureus.

E. coli S. aureus
HDPE Modified Samples
CFU/mL Logio CFU/mL Logio
Untreated 6.55 +/- 0.03 5.97 +/-0.14

Oxidised (UVO-SA) 6.39 +/- 0.16 {p=0.07} 6.17 +/- 0.11 {p= 0.2}
Cr-oxyhydroxide 6.55 +/- 0.05 {p=0.8} 6.01 +/- 0.13 {p=0.9}
Cr-oxyhydroxide HT 6.58 +/- 0.07 {p=0.3} 5.97 +/- 0.10 {p=0.7}
Oxidised Cr-oxyhydroxide 6.39 +/- 0.10 {p=0.004} 6.08 +/- 0.24 {p=0.2}
Oxidised Cr-oxyhydroxide HT 6.17 +/- 0.44 {p=0.008} 5.50 +/- 0.06 {p=0.01}

Table 4.10 Colony enumeration results from the early-stage biofilm assay of S. aureus and E. coli
on Cr-oxyhydroxide/HT containing samples on HDPE modified and unmodified polymers (+/- SD).
Herein, ‘oxidised’ refers to UVO-SA surface oxidisation. A t-test was performed relative to

untreated HDPE control, {p=value}.

To understand these results further, an experiment was conducted to investigate the
leaching of Cr from these coated surfaces when exposed to 200 plL of agueous media
(DI water); 200 L is the volume used in the colony counting assay for a period of 30
min exposure. It is important to find out how much Cr is being leached from these two
types of Cr containing surfaces; the Cr-oxyhydroxide coated surfaces and the sulfuric-
chromic acid treated surfaces. ICP-MS is a highly sensitive technique to measure trace
elemental levels of metals at very low concentrations. Indeed 1000 ppb (ug/L) is the
upper concentration limit of this approach. The 200 pL collected was added to DI water
to get a total volume of 5 mL. This solution dilution had to be performed so that there

was enough volume to run the samples using ICP-MS as this volume is the minimum
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guantity required for the analysis. A calibration standard solution used was provided by
the Departmental Analytical Laboratory whose staff who also ran this specific
experiment; Kaho Cheung and Patricia Carry. The Cr calibration graph can be found in
the Appendix under Chapter 4[l]. The samples were also exposed to leaching for a

period of 1 min only, instead of the 30 min to see if that influenced the leaching results

obtained.
Samples 1 min (ng/L) 30 min (pg/L)
Untreated -2.0 +/- 6.5 -11.5+/-0.8
Oxidised -11.7 +/-0.2 -11.2+/-0.1
Oxidised Cr-oxyhydroxide 41.8 +/-54.2 73.2+/-4.3
Oxidised Cr-oxyhydroxide HT 182.9 +/-33.3 77.8 +/-9.9
2 min sulfuric-chromic acid 311.9 +/-81.2 470.0 +/-179.1
10 min sulfuric-chromic acid >1000 >1000
30 min sulfuric chromic acid >1000 >1000

Table 4.11 ICP-MS determination of chromium leaching concentration from a range of

substrates after contact with 200 ul of DI water for 1 and 30 min. The 200 uL was diluted to

5.152 mL for measurement using ICP-MS (+/- SE, N=2).

The 10 and 30 min sulfuric-chromic acid oxidised HDPE polymers exhibited a Cr
concentration of >1000 pg/L which suggests that the leaching of Cr is substantial and
significant compared to the very low Cr levels that is found leaching from the Cr-
oxyhydroxide/HT films. This data suggests the importance of a Cr labile active species
for antimicrobial effects. However, this hypothesis raises the key questions of Cr
cytotoxicity to humans, marine organisms, and non-target species which has not been

investigated in this PhD research project.
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4.2.11 Mature Biofilm Performance of Cr-Oxide Coating and Sulfuric-

Chromic Acid Modified HDPE

To understand the application scope of these materials more broadly, not only
was an early-stage biofilm formation investigated, but in this section a preliminary study
on mature biofilms was conducted. One method was to prepare a mature biofilm which
involves sample hydration in a media rich environment in the presence of bacteria for
an extended period; overnight. Details for this experimental protocol can be found in
Chapter 3, Section 3.9 for E. coli. In brief, samples were immersed in TSB media with
1% glucose with E. coli cells at 0.2 OD (600 nm) for 24 h at 37 °C static incubation,
followed by biofilm removal using a surface scraping, followed by a plating out for viable
enumeration of CFU’s from neat to log -12. These results are provided in Table 4.12.
The mature biofilm study ultimately showed no difference between any modified HDPE
coating under these conditions. These results are not a surprise considering the leaching
attribute to these materials after exposure to a hydrated environment, as well as the
loss of antimicrobial activity after exposure to water for long periods of time for sulfuric-
chromic acid oxidised materials. Furthermore, it can be observed that there is an
increase of 2-log scales roughly across the board for the quantity of mature biofilm

present compared to an early-stage biofilm examined previously.

CFU/mL Logio CFU/mL Logio
Samples Samples
E. coli E. coli
HDPE control 7.99 +/-0.16 HDPE control 7.9+/-0.4
HDPE 2 min oxidised 7.89 +/-0.39 HDPE oxidised 7.9+/-0.3

HDPE oxidised
HDPE 10 min oxidised 8.03 +/-0.10 8.0+/-0.3
Cr-oxyhydroxide HT
HDPE oxidised
HDPE 30 min oxidised 7.97 +/-0.26 8.0+/-0.2
Cr-oxyhydroxide
HDPE Cr-oxyhydroxide HT 8.2+/-0.1

HDPE Cr-oxyhydroxide 7.6+/-0.2

Table 4.12 Mature biofilm 24 hr exposure of E. coli to sulfuric-chromic acid oxidised HDPE and

viable enumeration of and Cr-oxyhydroxide coated HDPE oxidised samples and the CFU results
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obtained (+/- SD). The two experiments were conducted on separate occasions and therefore

two control values for HDPE has been provided.

4.3 Conclusion

The surface of HDPE has been successfully oxidised using sulfuric-chromic acid
oxidisation, which was analysed using a range of surface characterisation techniques
providing chemical, topographical, and physical parameters before and after
modification. Increasing the sulfuric-chromic acid oxidisation time has shown a direct
decrease in microbial attachment and thus reduced the development of biofilm
formation, when freshly prepared samples were examined. The sulfuric-chromic acid
treated HDPE effected the membrane of Gram-negative bacteria, by causing membrane
depolarisation, and to a lesser extent, membrane damage, which translated to a 5.2- to
6-log reduction with the early-stage biofilm of P. aeruginosa. This antimicrobial
performance was not seen when the Gram-positive bacteria S. aureus was tested.
However, the reduced microbial attachment of S. aureus was observed with increasing
oxidisation reaction time using sulfuric-chromic acid treatment, though to a lesser
extent than E. coli and P. aeruginosa. This work supports findings by other researchers
that oxidisation of a polymer like HDPE can effectively reduce microbial attachment

prior the onset of biofilm formation for both Gram-positive and negative organisms.

The antimicrobial property of sulfuric-chromic acid treatment was compared with hot
sulfuric acid and UV/ozone oxidisation approaches on HDPE to determine if oxidisation
alone will suffice in producing an antimicrobial polymer. Only the sulfuric-chromic acid
oxidisation treatment provided a reduction in biofilm viability when cultured.
Therefore, the antimicrobial active species must not be associated with generic oxidised
moieties, but with species which are associated specifically with the sulfuric-chromic
acid treatment. Detailed comparison of a model Cr-oxyhydroxide coatings with sulfuric-
chromic acid treatment approach on HDPE revealed that the extensive loss of labile Cr
species, specific to the sulfuric-chromic acid treatment, is essential in producing an

antimicrobial result.
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The use of sulfuric-chromic acid etching on alternate polymers PP, PC, PVC and PS was
investigated. This treatment was not effective in oxidising PC and PVC. Between PP and
PS, only PP showed an antimicrobial result when tested against the early-stage biofilm
of P. aeruginosa, showing a 3-log reduction. The reduced anti-biofilm performance
observed with PP can be attributed to the reduced levels of Cr found at the surface of

PP, relative to HDPE.

Immersion of oxidised HDPE samples in water, resulted in the loss of key antimicrobial
Cr species which suggests that this polymer treatment is limited to single use polymer
applications, perhaps such as disposable products used heavily in the medical field.
Evaluation of attached P. aeruginosa cells after exposure of samples to 25 h water still
showed a trend of reduced microbial attachment with increasing etching reaction time,
which confirms that the anti-adhesive and anti-biofouling property of sulfuric-chromic
acid oxidised surfaces is due to the oxygen containing functional groups which are still
present at about 15% relative elemental atomic abundance, whilst other residual
species (such as Cr) are lost or reduced. Mature biofilm studies under a 24 h hydrated
environment for maturation has confirmed the limitations of this AMP approach, as no
antimicrobial performance was obtained when compared to the control materials. This
was thought to be from the loss of antimicrobial active residual Cr from the surface

under these hydrated conditions.
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CHAPTER 5

Tin-dioxide hydrosol coating and its Antimicrobial Performance

5.1 Introduction

Tin and tin-based compounds have been examined for their antimicrobial
performance extensively. Notably, in the 1960s the use of organotin(IV) complexes (e.g.
tributyltin and triphenyltin) have shown potency as antifoulant paints coated onto ship
hulls with 18-24 month protection [406]. However, these organotin compounds
provided exceptional toxicity to non-target marine organisms by interfering with
biological processes, causing the abnormal growth and decrease in population of
species like mussels and oysters which resulted in their ban in 2008 [406]. Examination
of pure tin metal has been performed by Yasuyuki et al. and compared to 8 other
metals. In fact, it was discovered that tin was one of the pure metals that did not exhibit
any antimicrobial activity against S. aureus and E. coli which was thought to be
attributed to the low solubility of tin in test solutions at 24 h and 72 h [407]. This
suggests that not all tin compounds and species exhibit antimicrobial performances,
and their performance may vary depending on the composition of the tin material and

its solubility.

Oxides of tin such as SnO; have shown promising antimicrobial properties as coatings
and in solution as nanoparticles in different experimental systems. For example SnO;
nano-rods have been incorporated into polymers to give excellent bactericidal
properties against both Gram-positive and -negative bacteria, with no cytotoxicity
found [205]. In a separate study, Luna-Velasco et al. investigated the effect of the size
of SN0z nanoparticles versus bulk SnO; on the toxicity of B. Subtilis, comparing 2 nm, 40
nm and a flower-like 800 nm SnO; particles. It was observed that the smaller size
particles offered greater hydrodynamic advantage and stability, and also afforded the
best toxicity against B. Subtilis [206]. Many SnO; sol-gel coatings have been found to be
very successful in reducing bacterial viability with high-durability and good thin-film
stability. Examples include, composite Sn0,-ZnO sol-gel thin films coated onto glass

substrates showing antibacterial activity against E. coli even in the dark [207].
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There are various methods of coating SnO; nanoparticles on surfaces, such as sputtering
[408,409], spray pyrolysis [410], sol-gel [411], and chemical vapour deposition
[412,413]. Of these, the sol-gel coating technique is capable of producing thin-films that
are uniform, and are low cost to prepare because the process does not require

expensive and sophisticated equipment [414-416].

Sol-gel coated SnO; thin-films on polymer materials such as HDPE has not been tested
previously for its antimicrobial activity. Therefore, this Chapter will study the limitations
and capabilities of coating SnO; onto industrial polymers using a simple synthesis and
coating procedure that could be replicated on an industrial scale with ease. However,
surfaces such as HDPE are renown for the chemical inertness, making the direct
application of coatings challenging. There are a plethora of approaches that can be
employed to chemically modify the surface of HDPE to transform it into a more readily
adhesive backbone for the subsequent sol-gel coating procedure. These approaches
includes electron and ion beam irradiation, gas discharge plasma, ultraviolet-irradiation
and surface chemical oxidation [417]. Surface pre-treatment to improve metal oxides
sol coating adhesion to polymers are common and often essential to help maximise
coating longevity, and hence its performance [350]. Chemical surface oxidisation has
proven to be a successful approach and sulfuric-chromic acid etching has shown to
reduce antimicrobial adhesion and viability against HDPE and PP when investigated in
this project (see Chapter 4). Therefore, this method of polymer pre-treatment has been
utilised here to oxidise the HDPE surface in preparation for coating with tin-dioxide
nanoparticles. However, careful attention has been taken to include controls so that
sulfuric-chromic acid oxidisation pre-treatment did not complicate evaluating the

effectiveness of the tin-oxide nanoparticle coating.
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5.2 Results and Discussion

5.2.1 Tin hydrosol Synthesis and Coating

Kenney et al. developed a method to synthesise a tin-dioxide hydrosol from tin
chloride precursors, SnCl.2H,0 and SnCls.5H;0, where hydrolysing the salts resulted in
the formation of tin hydrous oxide sols (tin-hydrosols), for coating onto PE [418]. The
procedure for tin-hydrosol synthesis in this method includes an aging overnight step.
However, for this task, two different hydrosol solutions were prepared, one overnight
aged and one not. They are termed tin-hydrosol A and tin-hydrosol B, where A is the
non-aged solution, and B is the aged overnight solution. The procedure for the tin-

hydrosol used can be found in Chapter 3 under Section 3.2.3.

Kenney et al. reported that a considerable amount of tin-hydrosol is required to be
coated on the surface of PE to enhance the surface’s wetting. This observation was
found to be dependent on the ‘wetting time’; this time is the minimum amount of time
the surface is submerged in the colloidal solution, which was found to be 15 s minimum
in this study [418]. The strength and stability of film adhesion was determined by the
amount of colloidal thin-film remaining after ultrasonic rinsing, air/water jet spray and
exposure to adhesive tape [418]. The tin-hydrosol thin-films were prepared in this
project with coating time of 2 min and a pre-oxidative treatment step used to improve

tin-hydrosol coating to HDPE which was the sulfuric-chromic acid chemical oxidisation.

The size of the tin-hydrosols was measured using dynamic light scattering (DLS). The
refractive index (RI) for these solutions were found to be 1.3 and the absorption
properties of the solutions, measured through UV/vis spectroscopy, at 830 nm were
0.001 for tin-hydrosol A and 0.1 for tin-hydrosol B. These two parameters are required
for an accurate DLS calculation of the particle size (see Appendix for Rl and absorption
data Chapter 5[A-B]. Therefore, with these known parameters, a study on the particle
size of the colloids in the tin-hydrosol solution could be examined through DLS of both

freshly prepared hydrosol samples.

The DLS experiment provides information on a number of particle parameters, including

the volume distribution, number distribution, polydispersity index (PDI) and Z-average.
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Where volume distribution relates to the volume taken up by a particular size of
particles. The number distribution relates directly to the number of particles at a certain
size. The PDI is a measure of size heterogeneity, which can occur in a sample due to
variations in the synthetic methods employed, by sample agglomeration or aggregation.
Additionally, Z-average also known as the cumulant mean, is an intensity mean
calculated by the signal intensity relating to the Z-average size of the particle. The Z-
average increases as particle size increases (further explanation of these parameters for

this instrument has been given in the Appendix Chapter 5[C].

Two batches of each tin-hydrosol, A and B, were prepared and examined through DLS,
see Table 5.1 (full DLS data in Appendix Chapter 5[D-E]. The number distribution shows
that 100% of particles have averaged diameters at 13.8-14.3 nm for tin-hydrosol A, and
100% particles are averaged at 21.8 — 23.6 nm for tin-hydrosol B. The larger size for tin-
hydrosol B was expected as this solution is the aged variant and results in larger particles
being formed. The volume distribution depicts a different particle size attribute and
informs us about the volume taken up by a particle of a certain size. It was observed
that 99.9% of volume occupied by colloids in tin-hydrosol A were averaged at 18.8 —
19.8 nm +/- 9; and 99.3-4% of volume occupied in tin-hydrosol B were of 30.6-31.6 nm
+/- 14. These values are slightly larger than the number distribution, this increase is
because these two values are calculated separately from the intensity distribution.
Transformation of the intensity to a number or volume distribution may cause
discrepancies and variations as these two distributions are calculated differently. For
example, number distribution reports the smallest size measured therefore noise and
impurities may be misleading and amplified. As a result, both volume and number
distributions have been provided and compared against. In this case the data correlates
closely with one another, where the number distribution on average provides values

that are 6.8 nm less than the volume distribution, see Table 5.1.
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Particle Size Diameter Distributions (nm)

. Volume . .
Solutions Polydispersity
Z-Average Average Number Average
Index (PDI)
Tin- Batch 1 32.34 19.77 +/- 9.40 14.27 +/- 4.37 0.257
hydrosol A
Batch 2 32,51 18.81 +/-9.07 13.80 +/- 4.09 0.328
Tin- Batchl  50.39  31.57+/-14.39  23.66+/-6.86 0.264
hydrosol B
Batch 2 50.36 30.59 +/- 14.96 21.86 +/-6.73 0.252

Table 5.1 DLS results of tin-hydrosol A and tin-hydrosol B with the number, volume, Z-average

distributions as well as the polydispersity indexes.

The Z-average was measured as 32 nm for tin-hydrosol A and 50 nm for tin-hydrosol B.
These values are calculated directly from the signal intensity and becomes more
inaccurate if the distribution is broad, such as with a sample that contains high
polydispersity levels. In this case the polydispersity index (PDI) is not very high and
ranges between 0.2-0.3 which is considered moderate. In conclusion this data shows
that both tin-hydrosols are in the nanoscale diameter range which is a desirable
property due to smaller nanoparticles of SnO; being previously reported as highly

effective antimicrobial agents [206].

5.2.2 Surface Characterisation of SnO; Coating on HDPE

Tin-hydrosol A and B were dip-coated onto both untreated and sulfuric-chromic
treated HDPE to form Film A and Film B respectively. The sulfuric-chromic oxidised
HDPE samples were treated for 2, 10 and 30 min. These thin-films have been denoted
as 2-, 10-and 30- Film A/B, depending on the tin-hydrosol used. Characterisation of the
surface of all thin-films were performed through contact angle goniometry whilst the
degree of SN0, nanoparticle leaching was also determined through ICP-MS analysis. The

initial water advancing contact angle 6 was measured and the surfaces were then
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washed sequentially in three beakers of DI water (W1, W2, W3). Further water
advancing contact angle 6 measurement were obtained after W3 to note any changes
to the surface properties from the sequential washing. ICP-MS measurements on the
rinsed washings collected were used to evaluate the Sn concentrations found leaching

off the polymers following the washing steps, see Figure 5.1.

| l | q
Sog--- =

Contact angle Contact angle

Initial Wash 1 Wash 2 Wash 3 Rinsed
(W1) (W2) (W3)

Figure 5.1 Procedure for evaluating leaching of Sn by submersion in three beakers of DI water
with initial and rinsed water advancing contact angle measurements being taken. Full

experimental details can be found in Chapter 3.

The water advancing contact angle 8 after rinsing three times was shown to remain
consistent across all samples after the three washes (W1, W2 and W3). It was observed
that for first rinse, residual unbound SnO; nanoparticles that are weakly attached at the
surface, were removed for both coatings. But after the third wash (W3), the washing
collected contained only 34.2 pg/L for Film A coatings and 12.9 pg/L for Film B of Sn, in
comparison to analysis of Sn in the first wash (W1) which showed 790.6 pg/L for Film A
and 246.8 pg/L for Film B, see Figure 5.2 (b) and (c). Therefore, it was concluded that
surface leaching is negligible after the initial rinsing step (W1) which removed the
unbound SnO; residues that had been left from the dip-coating procedure.
Furthermore, this level of leaching after W3 is not considered as hazardous given that
Sn oxides are commonly used in various applications where exposure levels are high.
For example Sn oxides are used in cosmetics as an abrasive, bulking, and opacifying
agent which is then applied to the hair or skin, and also used as colorants in food-contact

polymers [419]. Additionally, the FDA advises that tin-dioxide concentrations in food
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should not exceed more than 1% of the weight of the food [420]. This 1% level of
consumption is a lot higher level of exposure compared to the potential leaching and
exposure from Films A and B coatings found. Furthermore, it can be observed that
sulfuric-chromic acid etching of HDPE has shown to reduce SnO; nanoparticle leaching,
specifically for 10-Film B even after the initial rinse, see Figure 5.2 (b). The observations
are supported by previous research, where oxidisation of PE improves SnO; sol

adhesion as a coating [350].
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Figure 5.2 (a) Water advancing contact angle © measurements of surfaces before and after
rinsing in DI water whilst (b) and (c) show ICP-MS results of Sn concentration found from three

DI water rinsing for Film A and Film B coatings respectively.
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The water advancing contact angle 6 does not significantly change after rinsing in DI
water suggesting that overall film surface chemistry and stability is maintained during
the short-term exposure to an aqueous environment, see Figure 5.2 (a). This property
is vital to monitor as early-stage biofilm studies performed on these samples are in a
hydrated environment and therefore film stability is required in the short-term aqueous
condition. It is notable that Film A, Film B and the untreated HDPE have similar water
advancing 6 for non-oxidised surfaces. Therefore, the coating with SnO, does not alter
the hydrophobicity/hydrophilicity of the original HDPE polymer significantly as
anticipated. This observation is contrary to previous studies reporting SnO; films to
exhibit strong hydrophilic surface properties using the same synthetic procedure, after
60 s of dip-coating with PE [350,418]. In fact, the tin-hydrosols prepared by Briscoe et
al., where the synthetic procedure has been adopted from, has shown water advancing
contact angle 8 to decrease by 39 ° when coated onto PE. A significant decrease
transforming the non-wetting PE surface into a more wetting surface. The lack of a clear
reduction of surface hydrophilicity in this system following tin-hydrosol treatment may
be attributed to differences in the polymer surface material backbone selected or based
on efficacy of coating the untreated HDPE surface. Evaluation of the film’s composition

will be further explored later in this Chapter.

AFM images were obtained to visualise the surface coverage and evaluate the particle
coatings on HDPE and sulfuric-chromic acid oxidised HDPE, see Figure 5.3. The AFM
images were obtained for the slope (stiffness) and topography (height measured)
automatically from each force-distance curve. Figure 5.3 shows the 3D roughness (2 x
2 um scale) and 2D stiffness (slope), as well as the Rs and Rq roughness parameters for
the height (measured) image. AFM imaging was important to confirm the presence and
size of the SnO; particles on the HDPE surfaces with and without HDPE 30 min sulfuric-
chromic acid surface oxidisation. It was found that the nanoparticles are randomly
distributed on the surface with an average particle size for Film A (without HDPE
oxidisation) of around 2.1 nm. However, in the presence of 30 min sulfuric-chromic
oxidised HDPE, 30-Film A, gave a particle size of 10.1 nm. On the other hand, Film B and
30-Film B had SnO; nanoparticle sizes of 28.1 and 21.2 nm respectively. The

nanoparticle size/grain size was determined using the cross-sectional analysis from AFM
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height imaging of the thin-films (see Appendix under Chapter 5[F]). It can be concluded
that overnight aging to prepare tin-hydrosol B from tin-hydrosol A has doubled the
nanoparticle size due to increased agglomeration events, based on both AFM and DLS

data sets.

The AFM results from 30-Film A, O-Film B, 30-Film B largely supports the number
distribution results from the DLS measurements. This view is supported by the literature
where the number distribution from DLS measurements of metal oxide nanoparticles
has shown to fit well for monodispersed samples when compared to other methods for
particle size determination such as TEM [421]. Additionally, the number distribution has
been most commonly used to determine SnO. particle size using DLS by other
researchers [422,423]. Film B shows a very smooth surface with an R; of 0.5 nm.
However visually, the nanoparticle size from Film A and 30-Film A images look very
similar (Figure 5.3), and therefore the variation in height in 30-Film A is also contributed
by the oxidised HDPE surface beneath. Surface coverage is largely uniform with the 2

mins dip-coating submersion approach for the oxidised materials.
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Film A

159 nNfum

67 nN/um

2000 nm x 2000 nm
Ra =0.59 nm
Rq=0.75nm

Film B

384 nlfum

-161 njum

2000 nm x 2000 nm
Ra=24.0 nm
Rq=30.4 nm

Figure 5.3 AFM images scaled to 2000 nm x 2000 nm with resolution 512 x 512 for surface
stiffness and 3D height corresponding images captured are presented using JPK AFM system in
QI™ mode. Oxidisation treatment method used refers to 30 min sulfuric-chromic acid chemical

treatment at 70 °C.

Surface free energy ysy calculations were performed to quantify the changes made to
the various HDPE surfaces using advancing contact angle data for water and DIM.
Fowke’s Theory has been utilised to calculate the surface free energy ys, at the
substratum, see Figure 5.2 (a). In Chapter 4 it was observed that an increase in surface
polymer hydrophilicity is seen upon increasing surface oxidisation with sulfuric-chromic
acid etching of HDPE and these results are presented again in Table 5.2 for comparison.
The presence of the SnO; thin-films on the oxidised HDPE materials has caused an
increase the hydrophobicity of these surfaces. This behaviour is expected as SnO; has
previously been reported to exhibit water advancing contact angle 8 of about 60 ° for

materials prepared using this sol-gel method [350]. Furthermore, 2-Film A has shown
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to not significantly change in its contact angle 6 values which suggests that 2 min

oxidisation may not be sufficient in aiding surface adhesion of Film A, Table 5.2 (b).

HDPE Modified

5 | Advancing Advancing b p
amples
amPpies. Water 0 DIM © Ysv Ysv Ysv
Oxidisation time R i (mJ/m?) (mJ/m?) (mJ/m?)
. (°) (°)
(min)
0 91.7 +/-1.4 58.8+/-3.1 29.3+/-1.8 0.5+/-0.8 29.8 +/- 2.6
2 51.7 +/- 2.7 47.7 +/- 2.7 35.6 +/- 1.5 123 +/-3.6 47.8 +/-2.2
10 46.4 +/- 1.5 344+/-23 423 +/-1.1 10.4+/-1.8 52.7 +/-1.2
30 46.0 +/- 1.2 28.3+/-2.1 44,9 +/- 0.8 8.8+/-1.3 53.7+/-1.0
O-Film A 85.7 +/- 2.9 67.9+/-3.1 24.1+/-1.8 0.8+/-1.6 24.8 +/- 2.0
2-Film A 54.4 +/-2.2 43.8+/-1.9 37.7+/-1.0 8.7+/-2.3 46.4 +/-1.7
10-Film A 68.6 +/- 2.7 46.6 +/- 2.3 36.1+/-1.2 2.1+/-1.7 38.2+/-1.8
30-Film A 60.2+/-3.0 50.0 +/- 1.7 34.3+/-0.9 7.4+/-2.8 41.7 +/- 2.2
0-Film B 92.9 +/-0.8 62.0 +/-2.1 27.4+/-1.2 0.4+/-0.4 27.8+/-1.7
2-Film B 67.1+/-1.9 453 +/-1.6 36.9+/-0.9 2.4+/-1.2 39.3+/-1.3
10-Film B 72.6 +/-3.8 47.7 +/-1.1 35.6 +/-0.6 1.0+/-1.4 36.6 +/- 1.6
30-Film B 71.7 +/-1.4 47.1+/-1.8 35.9+/-1.0 1.2 +/-0.8 37.1+/-1.1

Table 5.2 Surface wettability and Fowke’s surface free energy measurements versus surface
modification against increasing surface oxidisation time of 0, 2, 10 and 30 min and coating with

Film A and Film B.

Samples were analysed under XPS to examine the elemental composition present at the
surface, see Table 5.3 (full survey scans in Appendix under Chapter 5[G]). A significant
surface presence of Sn species is observed for all coated samples. Valence XPS scan
were conducted for both Film A and B coatings showing that tin dioxide is present rather
than the mono-oxide form, due to the distinctive three peak pattern that appears
between 0-13 eV that is descriptive of the dioxide specie, see Figure 5.4. Literature
valence scans from XPS of SnO and SnO; can be found in Figure 5.5 [424]. Furthermore,
the Sn:O ratio shows that there is approximate but consistent 1:2 ratio which
corroborates with the presence of the di-oxide species. Comparison of the untreated
control HDPE with the Sn coated surfaces shows that there is clear evidence suggesting

the coating procedure is successful with the addition of significant SnO; at the surface.
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control
98
(0] 2
Sn 0.0
S 0.0
Cr 0.0
K 0.0
Sn:0 ratio NA

% Atomic Composition

30 min O-FilmA 30-FimA O-FilmB
28.6 71.2 44.0 54.1
47.5 16.4 37.1 30.6
0.0 8.3 16.7 124
11.0 0.0 0.0 0.0
2.6 0.0 0.0 0.0
6.7 0.0 0.0 0.0
NA 1:98 1:2.2 1:2.5

30-Film B

331
43.0
22.5
0.0
0.0
0.0
1:1.91

Table 5.3 % Relative atomic abundance from XPS measurements taken for SnO, coated and

uncoated HDPE samples (N=1, 400 um spot size). The 30 min refers to the time of sulfuric-

chromic acid oxidisation pre-treatment performed on the HDPE prior to coating with tin-

hydrosol solutions A and B.
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Figure 5.4 XPS valence scan obtained for HDPE with Film A and Film B for O min and 30 min

oxidised HDPE samples, showing the distinctive peaks associated with the presence of SnQO..
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Figure 5.5 Experimental valence-ban XPS spectra of SnO, and SnO by Themlin et al., 1992 [424].

5.2.3 Antimicrobial Performance of SnO, Coated HDPE: Initial

Attachment

An investigation of bacterial attachment to form an early-stage biofilm following
a 30 min static inoculant exposure to challenge surfaces was performed and evaluated
using CLSM imaging. The results obtained revealed that the more hydrophilic surfaces
(sulfuric-chromic acid etched) show reduced adhesion of P. aeruginosa, see Figure 5.6.
However, similar studies performed by Palmer et al., using a variant of this assay, has
discovered that hydrophobic materials on inert surfaces such as polymers and stainless
steel, show reduced P. aeruginosa adhesion which is SFE y5, dependent [363]. The
observation of hydrophilic sulfuric-chromic acid etched HDPE showing reduced
adhesion of P. aeruginosa was reported in Chapter 4. This same performance is also
observed here when there are SnO; coatings present, such as Film A and Film B, with
increased oxidisation times preceding the SnO; coating, generally leading to reduced
early-stage P. aeruginosa biofilm development. Therefore, surface chemical oxidisation
is essential in reducing attachment of P. aeruginosa, as without, the total amount of
early-stage biofilm does not significantly decrease. These observations are in line with
those reported in Chapter 4, however, there is also some reduction in attachment when
there is no oxidisation of HDPE, O-Film A or O-Film B. Example CLSM images of this
phenomena has been provided for visual aid, see Figure 5.6, where the white dots

represent the P. aeruginosa surface-bound cells to the polymer substrate.
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Figure 5.6 CLSM assessment of bacterial early-stage biofilm adhesion of P. aeruginosa present
on the surface from Syto™9 stained cells imaged upon 30 min surface inoculant exposure for a
range of oxidised and SnO, coated HDPE materials. Number of images taken of different
positions N=15-65, with a minimum of two biological repeats performed. Sample images have
been provided for the HDPE control, as well as Film A and B coated samples, all without surface

oxidisation treatment, scale bar is set to 100 um.

5.2.4 Antimicrobial Performance of SnO, Coated HDPE: Viability

A viability assay, combining Syto™9 and Pl as part of the LIVE/DEAD™ BacLight™
Bacterial Viability Kit from Invitrogen™, against P. aeruginosa was used to determine
the viability of the early-stage biofilm using CLSM. This approach is beneficial due to the
direct visualisation of the physiological state of the biofilm without disrupting the
surface. In addition, a hydrated environment is achieved using a dip-lens, so that the
biofilm is not disturbed due to dehydration. The results obtained are shown in Figure

5.7. The sulfuric-chromic oxidised HDPE results analysed in Chapter 4 have also been
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included in this figure for comparison, which also serve as controls for this experiment.
The CLSM experimental results using the Syto™9 and Pl found that 0-Film-A and 0-Film-
B alone, exhibit a high reduction in P. aeruginosa viability. This effect is then enhanced
in the presence of surface oxidisation using sulfuric-chromic acid from comparing the
ratio of these stains using Comstat 2.1 and image-J analysis of the images. In this study
itis also important to fully interpret the Syto™9 and Pl channels separately, as the ratios
from Figure 5.7 can be misleading because the surfaces show different trends for Pl and

Syto™9 and are sample dependent, see Figure 5.8.
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Figure 5.7 Cellular viability assay results, showing Syto™9/PI ratio which is the % area coverage
occupied by stains Syto™9 compared with Pl. Number of different samples tested, N=3-6 with 6-

10 images taken per sample using 4 different bacterial cultures on different days.
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Figure 5.8 Syto™9 and Pl results with the Syto™9 and Pl channels values averaged separately
for the % area occupied in layers from Comstat 2.1 plug-in for Imagel for HDPE samples (a)
without tin-hydrosol coating, (b) Film A, and (c) Film B, with increasing sulfuric-chromic acid

oxidisation time from 0 to 30 min.

The main advantage of interpreting and displaying the data as shown in Figure 5.8 is

that observations are clearer, as opposed to those in Figure 5.7 which is the
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recommended method by the kit supplier and reported by researchers. This method of
data visualisation reveals that the sulfuric-chromic acid treatment of HDPE specifically
influences adhesion significantly when looking at the Syto™9 channel, however the
level of Pl remains constant, see Figure 5.7 (a). It is worth noting that Chapter 4 also
revealed that sulfuric-chromic acid oxidisation influenced viability as the remaining cells
on the surface were shown to be membrane depolarised. Films of tin-hydrosol A
showed there to be a significant increase in the Pl signals compared to the non-coated
surfaces, confirming much higher levels of non-viable cells directly present on the
surface. The Syto™9 signal of films of tin-hydrosol A show a reduction in the intensity
compared to the untreated HDPE sample; with the 10- and 30-Film A leading to more

reduced Syto™9 signals due to the lower number of adherent cells, see Figure 5.7.

On the other hand, Film B exhibits markedly reduced Syto™?9 signal, and the Pl channel
increased significantly, especially for 30-Film B, see Figure 5.7 (c). This data would imply
that there are reduced numbers of cells adhered, and increased numbers of non-viable
cells. To understand this further, example images have been provided of a selection of
samples in Figure 5.9. These images suggest that the control surface, untreated HDPE,
has almost no Pl signal and a large quantity of Syto™9 stained cells present in the
Syto™9 channel, which can be attributed to the early-stage biofilm being highly viable
under these conditions. Film A shows the quantity of Syto™9 and Pl stained cells to be
comparable to one another. The example images provided for Film B shows local
variations in the early-stage biofilm viability where the right side is more membrane
damaged, from an increase in Pl staining. This difference may be due to variations
caused by manual dip-coating. It is important to note that Syto™9 and PI are
competitive for the same receptors, although Syto™9 technically stains live and dead
cells. In the presence of Pl the intensity of Syto™9 reduces as Pl is taken up by these
receptor sites. This behaviour is a known phenomenon and has also been confirmed in
previous calibration studies for these experiments (see Appendix Chapter 4[D] for
calibration results). This behaviour also explains the results from Film B, where there is
a shift in probe absorption based on the region where cells have exhibited a loss in

viability (membrane damage) as these stains are competitive with each other.
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Therefore, it can be considered that when Syto™9 is used with Pl that Syto™9 can be

considered as a live stain and Pl as a dead stain.

HDPE control Film A Film B

Syto-9

Pl

Figure 5.9 Selected sample CLSM images of HDPE samples without any pre-treatment (sulfuric-
chromic oxidisation). This shows the effect of the SnO; films on the viability of the early-stage

biofilm.

5.2.5 Antimicrobial Performance of SnO, Coated HDPE: Extended
20 min Study

An extended study was performed which investigated the effect of leaving the
early-stage biofilm for an additional 20 min under saline conditions (termed Tyo) to
examine the effect of these surfaces on antimicrobial properties. This test was also
evaluated using CLSM viability imaging using Syto™9 and PI stains from the viability
BacLight kit from Invitrogen. The aim of this was to study how the early-stage biofilm
would develop under an extended time of 20 min (Tx) and to evaluate a different
environment on the viability. The experiment was similar to that performed as outlined

in Chapter 3, Section 3.4.5, but modified by the addition of a saline solution for 20 min
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prior to the dye exposure stage. Detailed explanation of the procedure can be found in
the methods and materials section under Chapter 3 Section 3.4.6 (a method flow chart

is provided in the Appendix under Chapter 5[H]).

These experiments were performed for SnO; coated HDPE samples with sulfuric-
chromic acid oxidisation (2, 10 and 30 min), and compared to HDPE untreated (control)
surface which has no tin-hydrosol present, see Figure 5.10. The longer time provided
with saline allowed the biofilm to mature and grow which is represented by the increase
in signal intensity for the ratio of Syto™9:Pl, when compared to the untreated HDPE.
However, the presence of the SnO; coatings has significantly reduced growth, even with

the extended 20 min in saline, particularly for 30-Film B and 10-Film A samples.
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(b) Film B with P. aeruginosa
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Figure 5.10 Ty saline delay experiment of Film A (a) and Film B (b) coated onto HDPE surfaces
with sulfuric chromic acid oxidisation. The controls data are on the two left hand columns
representing untreated HDPE with no coating or oxidisation. The ratio has been obtained from
Syto™9/PI from CLSM imaging, N=3 with a minimum of 4 images taken of each sample for P.

aeruginosa.

Evaluation of the separate Syto™9 and Pl channels reveals that the control untreated
HDPE surface shows little Pl signal at To and this level is further reduced at To Figure
5.11 (c-d), whilst the Syto™9 intensity increases from To to To. This suggests that the
extended 20 min in saline has allowed P. aeruginosa species to grow in numbers and
thus viability. Whereas the oxidised HDPE with the SnO, coatings have provided
reduced Syto™9 intensity at T2o compared to the untreated HDPE, with increased Pl
signal intensity, particularly for 30-Film A where the level of Pl has maintained after 20

min in saline at about 11%.
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Figure 5.11 Average CLSM Syto™9 and Pl channels values for Film A and Film B on untreated
and sulfuric-chromic oxidised HDPE materials, where (a) Syto™9 values for Film A, (b) Syto™9

values for Film B, (c) Pl values for Film A, and (d) Syto™39 values for Film B.

5.2.6 Antimicrobial Performance of SnO, on Other Polymers

The performance of coating tin-hydrosol A and B onto a range of other industrial
polymers was also investigated. The polymers used were PP and PC as these two
polymers have not been surface oxidised before coating with the tin-hydrosols and are
compared with HDPE untreated and 30 min sulfuric-chromic acid oxidised HDPE
samples. The materials were analysed under XPS to determine the composition of Film
A and Film B formed on these polymers. The XPS results for HDPE and 30-HDPE surfaces
coated with the SnO; sols (Film A and Film B) are shown previously in Table 5.3, Section
5.2.2. The XPS results obtained for PP and PC show that the Sn content is not significant

for these materials, although it is important to note that N=1 for this study with a 400
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um spot size examined. PC contains a significant O content because of its carbonate

repeating units.
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Figure 5.12 XPS results from Film A and Film B formed on untreated PP and PC polymers, as well

as the uncoated control materials provided, in terms of % relative atomic elemental abundance.

AFM was performed on these materials as shown in Figure 5.13. A distinctive

nanoparticle size could not be clearly determined from these AFM images.
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Rq=6.7 nm Rq=5.6 nm Rq=4.8 nm
512 x 512 512 x 512 512 x 512
PC PC-Film A PC-Film B

3D Roughness 3D Roughness 3D Roughness

Ra=2.6 nm Ra=0.77 nm Ra=5.1 nm
Rq=3.4 nm Rq=1.0 nm Rq=7.2 nm
512 x 512 256 x 256 256 x 256

Figure 5.13 AFM images of PP and PC samples coated with tin-hydrosol A and tin-hydrosol B to
form PP-Film A/B and PC-Film A/B with 2000 x 2000 nm scan area.

Advancing contact angle measurements were obtained using DIM and water. The
samples were further rinsed and cleaned under aqueous conditions, and the contact
angle measurements were repeated to determine the stability of these materials under
short-term aqueous conditions. The surface free energies for these surfaces was
determined using Fowke’s Theory and are shown in Table 5.4. The surface free energies
do not change significantly for PP following coating to form PP-Film A/B. However, for
PC the thin-film has caused the surface to be more hydrophobic. The results obtained
show that rinsing in water does not affect the water advancing 8 which implies that film

stability is maintained under these solution conditions.
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Total Surface

Water 6 (°) Water 6 (°)
Samples DIM 6 (°) Free Energy
Fresh Rinsed
(mJ/m?)
PP 71.0+/-2.8 94.7 +/-0.3 95.4+/-0.4 52.3+/-0.5
PP-Film A 71.4+/-2.1 90.2 +/- 1.0 88.6 +/-1.2 27.0+/-1.1
PP-Film B 74.1+/-1.9 85.9+/-1.6 84.4 +/-1.7 20.1+/-0.8
PC 18.9+/-0.6 84.5+/-0.4 85.9+/-0.4 22.3+/-1.7
PC-Film A 72.6 +/-3.3 77.9+/-1.0 73.3+/-2.3 22.4+/-1.1
PC-FilmB 75.1+/-1.3 96.1+/-1.4 101.0 +/- 0.5 22.6+/-1.2

Table 5.4 Advancing contact angle results from PP and PC coated with tin-hydrosol A and tin-
hydrosol B to form PP-Film A/B and PC Film A/B, (+/- SE), n=2 samples tested, with 6-9 advancing
droplets evaluated. Fresh and rinsed water advancing © have also been provided, the surface

free energy has been calculated from the fresh water 6 values.

Images were obtained using the CLSM microscopy using the LIVE/DEAD Baclight kit with
the viability assay outlined in Chapter 3 under Section 3.4.5. This assay was performed
on freshly prepared samples as well as samples that were exposed to ethanol overnight
cleaning (80% EtOH). This was performed in order to evaluate the durability of these
materials against ethanol cleaning (80% EtOH) as this is a common approach utilised for
the sterilisation and sanitisation of surfaces. The data obtained is provided in Figure
5.14. This figure shows that the presence of the SnO; films has resulted in the reduction
of viability, which is less prominent for the PP materials for the fresh samples.
Furthermore, ethanol cleaning did not have a significant effect in the efficacy of these

materials as antimicrobial surfaces against P. aeruginosa.
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Figure 5.14 CLSM results on P. aeruginosa obtained from (a) fresh samples, and (b) EtOH 24 h
rinsed samples of PP Film A/B and PC Film A/B samples. The data has been provided as a ratio
of Syto™9/PI from using Comstat 2.1 plug-in for Image-J.

5.2.7 Viable Enumeration Assay of SnO, Coated HDPE Surfaces

To corroborate and evaluate the findings from the CLSM experiments conducted
the SnO; thin-film coated polymers, agar colony counting of the scraped early-stage
biofilm was performed to determine the culturability of the recovered biofilm on these
surfaces. Details for this method can be found in Chapter 3.6.2. It was important to
compare the CLSM viability assay with other techniques because there are limitations
of using CLSM and staining of bacteria alone. For example, it has been found that
Syto™9 in the presence of Pl can exhibit an over estimation of live cells when the dyes
are combined in one system using P. aeruginosa [362]. This phenomenon was explained
by the incomplete displacement of Syto™9 by Pl in the dead cells. The results of these
colony counting experiment are shown in Table 5.5. It was found that some of the Film
A and Film B can reduce the bacteria growth by up to a 4-log reduction, however with
the 2 min etched (2-Film A/B) surfaces no improvement was noted. The 10- and 30- Film

A/B maintain a high level of antimicrobial loss of culturability and thus viability.

HDPE surfaces P. aeruginosa
CFU/mL Logio
HDPE 6.8 +/-0.02
0-Film A 25+/-0.1
0-Film B 2.7+/-0.1
2-FilmA 6.3 +/- 0.1 {p=4x10~}
2-FilmB 6.4 +/- 0.04 {p=3x10"}
10-FilmA 3.6 +/- 0.1 {p=1.7x103}
10-FilmB 3.6 +/- 0.1 {p=1.3x103)
30-FilmA 4.2 +/- 0.1 {p=3.7x10%)
30-FilmB 4.3 +/- 0.1 {p=1.7x10"*}
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Table 5.5 Colony counting viability experiment for P. aeruginosa on Film A and Film B coated
samples in log-scale, N=2 samples three repeats were performed. T-test was performed relative

to respective controls, i.e. for 2-FilmA compared to 0-FilmA, {p=value}.

5.2.8 Evaluation of Other Bacterial Species on SnO; Coated HDPE

A CLSM early-stage viability experiment using LIVE/DEAD BacLight kit against E.
coli and S. aureus organisms was conducted. P. aeruginosa CLMS viability results using
the same kit which data was previously presented in Figure 5.7 and Figure 5.8 which
are also included for comparison in Figure 5.15. The Syto™9/PI ratios calculated are
extremely and abnormally high in the 500-1000 region. To fully interpret the Syto™9
and Pl channels separately and comprehend the abnormal ratios, the results were
translated to graphs as presented in Figure 5.15 (b) and (c). Here the Syto™9 intensity
for % area occupied is only between 4-10% with a very low Pl intensities of < 1%. Given
that the ratios are a division of the Syto™9 by PI, this data then leads to an extremely
high and misleading viability value, hence 500-1000 region. This represents the
limitations of using the Syto™9/PI ratios therefore it is advantageous to also evaluate
the raw data of Syto™9 and PI data separately. Overall the results obtained suggest that
the Pl channels do not change upon increasing sulfuric-chromic acid oxidisation for
coatings with tin-hydrosol A and B. For the Syto™9 channels E. coli shows to tendentially
reduce with increasing sulfuric-chromic acid oxidisation time, for both tin-hydrosol A
and B films. This result is not a surprise considering E. coli, like P. aeruginosa is a Gram-
negative organism with often similar behaviour. However, S. aureus shows reduced

Syto™9 signal for 2-Film A/B only, compared to the untreated HDPE control.
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Figure 5.15 E. coli (EC), S. aureus (SA) and P. aeruginosa (PA) CLSM viability results using Syto™9
and PI, (a) ratio of Syto™9/PI; (b) the Syto™9 and PI channels averaged for each oxidisation time
period for coatings with tin-hydrosol A; and (c) the Syto™39 and Pl channels averaged for each

etching time period for coatings with tin-hydrosol B.
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A colony counting experiment was also conducted for E. coli and S. aureus against a
selection of samples, with the results provided in Table 5.6. Interestingly both films (A
and B) found to have no negative effect on the culturability and hence viability of the
early-stage biofilm for these organisms under agar growth. However, with P. aeruginosa
reduction in viability/culturability has been seen which is more significant when HDPE

sulfuric-chromic acid pre-treatment was not conducted, view Table 5.6.

E. coli S. Aureus P. aeruginosa
Surfaces CFU/mL CFU/mL CFU/mL
(Log1o) (Log1o) (Log1o)

HDPE 6.1+/-0.1 6.3+/-0.3 6.7 +/- 0.02
0-Film A 6.4 +/-0.04 6.2+/-0.1 2.5+/-0.1
O-Film B 6.3+/-0.1 6.1+/-0.1 2.7+/-0.1
30-FilmA 6.4+/-0.05{p=0.1}  6.1+/-0.2{p=0.4}  4.2+/-0.1{p=3.7x10"}
30-FilmB 6.6 +/-0.1{p=0.03} = 6.2+/-0.2 {p=0.08} = 4.3 +/- 0.1 {p=1.7x10"*}

Table 5.6 Colony counting results of early-stage biofilm with E. coli, S. aureus and P. aeruginosa
for tin-dioxide coated samples. T-tests were performed and compared to respective controls, i.e.

for 30-FilmA results were compared to O-FilmA, {p=value}.

A mature biofilm study was also performed on these samples against P. aeruginosa
presented as Table 5.7. The results suggest that under hydrated environments these
modified surfaces does not translate to a change in CFU or any related antimicrobial
activity when cultured overnight. This loss of performance may be understood in terms
of the leaching mechanism where antimicrobial materials have the capability of
leaching significant amounts of antimicrobial active agents and chemicals over time.
Leaching leads to the inhibition and reduction of the biofilm that can form in a hydrated
environment. However, when the materials being investigated, as in this project,
contain very limited amounts of antimicrobial species at the surface, these
concentrations are unable to deliver an antimicrobial impact at the scale necessary to

effect more mature biofilms.
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Mature Biofilm

HDPE Modified Samples P.aeruginosa CFU/mL
(Log1o)
Untreated 7.9+/-0.4
30 mins sulfuric-chromic acid 8.2+/-0.3
30-Film A 8.6+/-0.3
30 min-Film B 8.7 +/-0.2
Film A 8.1+/-0.3
Film B 7.9+/-0.1

Table 5.9 Mature biofilm study 24 h hydrated media rich environment with E. coli against various

sulfuric chromic acid etched HDPE surfaces coated with Film A and Film B.

5.3 Conclusion

Tin-hydrosols were successfully synthesised using a sol-gel method to produce
2 solutions (tin-hydrosol A/B) with different particle sizes as confirmed by DLS and AFM.
The tin-hydrosol B particles were approximately double the diameter of the tin-hydrosol
A particles. Coating of these hydrosol particles onto various untreated control polymers
and sulfuric-chromic acid oxidised HDPE has been performed successfully, with XPS
confirming the distinctive valence scan for the presence of SnO; surface species.
Sulfuric-chromic acid pre-treatment of HDPE has reduced SnO; surface leaching when
these surfaces were rinsed, although levels of leaching overall are negligible and

minimal after three rinses/washes under aqueous conditions.

Contact angle goniometry has confirmed that the hydrophilic effect of oxidising HDPE
is still seen at the surface in the presence of the SnO; coatings (Film A/B), with an
increase in oxidisation reaction time translating to an increase in hydrophilicity.
Furthermore, this oxidative pre-treatment has resulted in reduced microbial
attachment of P. aeruginosa early-stage biofilm with increasing oxidisation treatment
time, whose effects were extended when in the presence of the SnO; coatings especially
for Film A. CLSM has allowed the direct analysis of the viability of the early-stage biofilm

of P. aeruginosa using fluorescent probes Syto™9 in conjunction with Pl. These tests
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have shown that sulfuric-chromic acid pre-treated HDPE when coated with Film A and
Film B produced enhanced levels of viability loss, with higher Pl signal intensity found.
This behaviour was also maintained even after 20 min additional exposure of the biofilm
to the surface under a saline environment. However, with the viable enumeration assay,
the oxidised HDPE with Film A/B showed reduced viability growth only for 10 and 30
min oxidised samples, whereas the HDPE samples without pre-treatment that had been
coated with Film A/B showed the largest reduction in colony counts compared to the
HDPE untreated control. This suggests that different microbial assays can probe and
reveal underlying aspects of bacterial behaviour, each with their own assumption,
advantages and limitations. Herein, it can be concluded that the SnO; thin-films cause
P. aeruginosa membrane damage, which in the presence of sulfuric-chromic acid
oxidised HDPE, also caused a loss of microbial attachment, thus producing a more

antibiofilm surface.

The application and performance of SnO; thin-films has been evaluated on PP and PC
surfaces using a CLSM viability study, which revealed sustained antimicrobial properties
for PC in particular, and only minimal activity with PP. This may be because these
polymers were not sulfuric-chromic acid oxidised for heightened biocidal and
antiadhesive properties to be seen, which is an area that could warrant investigation in
the future. Furthermore, these samples were also investigated under a stressed
environment, with overnight exposure to ethanol which showed sustained

antimicrobial activity with high Pl signal intensities seen.

S. aureus and E. coli were also investigated for HDPE coated tin-hydrosol samples,
though these studies have shown no antimicrobial performance against these species
using Film A and Film B coatings. Furthermore, a mature biofilm 24 h study was also
performed, and it was found that under this extreme environment that such SnO; thin-
films are unable to provide a reduction in viability when examined against P.

aeruginosa.
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CHAPTER 6

Antimicrobial Performance of Chitosan-ZnO nanocomposite coatings

6.1 Introduction

Ever since the broad antimicrobial capabilities of chitosan was proposed by
Allan and Hardwiger in 1979, chitosan has attracted attention by many researchers
[425]. Chitosan is a biodegradable, biocompatible, linear aminopolysaccharide, a co-
polymer of D-glucosamine and N-acetyl-D-glucosamine which is derived from the
deacetylation of chitin. Chitin production has been estimated at approximately 10!
tonnes annually and is the second most abundant natural biopolymer [426]. The
antimicrobial performance of chitosan has been evaluated against planktonic bacteria
and biofilms of varying organisms extensively, including Gram-positive and -negative
bacteria and fungi [427,428], as well as multi-species biofilm populations [429]. The
antimicrobial activity of chitosan is highly dependent on several intrinsic factors based
on the preparation of a chitosan film, including the MW, the degree of acetylation (DA)
and the specific microorganism being tested [179,430] (refer to Chapter 2 Section
2.2.1). Chitosan’s antimicrobial activity has been suggested to be driven by its influence
on cell wall integrity. More specifically, previous studies have stated that the anti-
biofilm property of chitosan is largely derived from its polycationic nature involving the
functional amino groups (-NHz) from the N-acetyl amino moiety of the glucosamine
units [188,431,432], however alternative theories have also been proposed. Proposed
theories include the interaction of diffused hydrolysis products with microbial DNA, the
potential chelation of chitosan with microbial nutrients and essential metals, whilst
others propose that chitosan acts as a blocking species on the cell membrane
preventing nutrients from entering the microbe [433]. It has also been proposed that
chitosan’s carboxylic groups allowing the film to redissolve when exposed to a microbial
solution [434]. Chitosan has been mainly investigated as an in-solution and bulk
antimicrobial agent [186], however there are various reports of it being coated onto
materials, forming chitosan-films, with high antimicrobial efficacy being exhibited

[435,436]. Most studies evaluating chitosan-films primarily investigate mature biofilms
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and do not examine the anti-biofilm capabilities against an early-stage biofilm

environment.

Zn0O nanoparticles have also been recognised as effective antimicrobial agents,
particularly their biocidal properties which have been found to improve with a
reduction in nanoparticles size [437]. The microbial activity of ZnO has been related to
its ability to increase membrane permeability that eventually leads to accumulation of
ZnO nanoparticles in the membrane as well as internalisation of these nanoparticles in

the cell, ultimately resulting in cell death [216].

Chitosan is a biopolymer and has been combined with other antimicrobial agents
including metal and metal oxide species [438,439]. Specifically, chitosan-ZnO
nanocomposites have shown promising antimicrobial properties as coatings and are
seen as a less toxic option compared to other antimicrobial surface technologies due to
chitosan being a natural polymer. Chitosan has been reported as one of the most
investigated polysaccharides for antimicrobial edible films and coatings [440].
Concurrently ZnO nanoparticles are commonly used in food processing and agricultural
applications due to their biocompatibility and ZnO is classed by the FDA as “generally
recognised as safe” (GRAS) [441,442]. Al-Naamani et al. demonstrated that chitosan-
Zn0 hybrid coatings inhibit the bacterial growth of Pseudoalteromonas nigrifaciens, a
marine bacterium commonly found in biofilms, when compared to a pure chitosan
coating. Interestingly, these observations occurred in the presence of light, as in the
absence of light no significant antibacterial activity was detected, whilst the
nanocomposite performed better than the chitosan coating alone [351]. Other studies
have synthesised varied forms of a chitosan-ZnO composite coating and have observed
promising antimicrobial results [188,443,444]. The applications of chitosan-ZnO
nanocomposite coatings have not been explored as a coating for HDPE however. In this
thesis the use chitosan-ZnO nanocomposite coatings will be explored for HDPE. This
study will specifically examine the efficacy of this composite coating against a common
biofilm forming bacteria, E. coli, which has shown large prevalence in industry, using

early-stage biofilm assays.

214



6.2 Results and Discussion

6.2.1 Modulation of Coating Formulations

Chitosan-ZnO nanocomposite coatings were prepared as outlined in Chapter 3
and adapted from the synthetic protocol of Al-Naamani et al.[351]. This protocol was
chosen because it affords a smooth film coating using a simple dip-coating approach
which is commonly used to prepare chitosan films [445,446]. There are several
formulation variables that have been adjusted in this Chapter in order to optimise an

effective antimicrobial chitosan-ZnO thin-film to coat HDPE.

Firstly, the film preparation method involves dissolving ZnO and chitosan in an aqueous
acidic medium, noting that chitosan’s solubility is limited by the solution pH. Chitosan
can contain various degrees of deacetylation (DDA) of the amine groups, and when the
degree of acetylation of chitosan is lower than 50%, chitosan becomes soluble in
aqueous acidic solutions due to the protonation of the -NH; group [433]. A range of
variables taken from the Al-Naamani et al. procedure to synthesise a chitosan-ZnO
composite film on HDPE were varied in order to find an optimal formulation for
antimicrobial activity for the coating on HDPE. Firstly, given chitosan’s limited solubility,
a 1% acetic acid solution was used as the solvent system which is consistent with that
reported by Al-Naamani et al. Lower solvent pH’s are required for improved chitosan
solubility because when the pH increases above chitosan’s pKa (approximately 6.5),
chitosan loses its charge and coils up into an insoluble morphology. The solubility is
important for forming a uniform thin-film. Naturally, chitosan is positively charged with
a pKa of 6.3 to 7.0 [447]. Therefore, the use of 1% acetic acid solvent system was used,

as well 10% acetic acid solution in this study.

A final NaOH-hot wash (NaOH-HW) was applied after surface dip-coating. This wash has
also been reported to reduce film solubility by ensuring deprotonation of the cationic
amino groups. The base used to neutralise chitosan can influence film properties
including crystallinity, surface chemistry, nanotopography, and mechanical properties.
In this study NaOH was used which is the most commonly used base for neutralisation
of chitosan [448]. However, other studies have revealed that chitosan films exhibit

improved antimicrobial activity in more acidic conditions due to the poor solubility of
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chitosan when exposed to higher pH’s [433]. Therefore, despite the NaOH-HW
strengthening the coating stability by reducing solubility, this step may also have a
negative effect on the antimicrobial efficacy as a coating. Therefore, this washing was
also investigated to determine its relevance and importance in achieving an
antimicrobial chitosan-ZnO nanocomposite coating on HDPE, against an early-stage
biofilm of E. coli. Therefore, selected films prepared were exposed to NaOH-HW for

comparison, (see Chapter 3, Section 3.2.4 for the experimental protocol.)

The effect of chitosan concentration was investigated to see if this was a limiting factor,
including batches that reached the saturation limit of the solution in order to evaluate
very high concentrations of chitosan exposure. It was found that chitosan becomes

insoluble in 1% acetic acid after 1.75 g/100 mL in the presence of 0.2 g ZnO.

Furthermore, it was important to evaluate the effect of varying ZnO concentration on
anti-biofilm behaviour; ZnO concentrations of 0, 0.2 and 0.75 g were studied. Similarly,
the maximum quantity of ZnO soluble was 0.75 g/100 mL in 1% acetic acid. Beyond this
point only partial solubility was observed (images of the solubility trials for ZnO can be
seen in the Appendix under Chapter 6[A]). As higher concentrations of ZnO may be
desirable, to increase ZnO solubility, lower solvent pH environments were considered.
Richardson et al. has established that ZnO solubility improves as the pH reduces [449].
The pH’s of 1%, 5% and 10% acetic acid (100 mL) was measured and were found to have
pH’s of 2.62, 2.24 and 1.86 respectively. As a result, 10% was chosen as a lower pH aids
in both chitosan and ZnO solubility. Additionally, the higher amounts of ZnO being
added will likely increase the pH which is unfavourable for the solubility of chitosan and
Zn0, further supporting the use of a higher acetic acid concentration. Consequently, to
determine the maximum concentration of ZnO able to dissolve in 10% acetic acid, a
small study was performed where ZnO was added to 100 mL of 10% acetic acid until
maximum saturation was achieved and the pH was also monitored, the results for this
test can be seen in Figure 6.1. It was found that a maximum of 1.5 g of ZnO could be
dissolved in 10% acetic acid, however this afforded a solution with pH 3.8, a nearly 2 pH

increase from the addition of ZnO was found.
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Figure 6.1 Effect of ZnO concentration on pH to achieve maximum saturation in 10% acetic acid.

Lastly, to determine if ZnO is independently acting as an antimicrobial agent, an
alternative polymer was also selected and used for film casting for comparison with
chitosan nanocomposite films. Herein, medium molecular weight polyvinylpyrrolidone
(PVP), also known as Povidone, was selected at 5%v for comparison. PVP is a water and
organic solvent soluble polymer made from the radical polymerisation of the monomer
N-vinylpyrrolidone. PVP is a commonly used in the pharmaceutical and cosmetic
industries, offers good film formation, and adhesive to various substrates. It is non-

toxic, non-ionic, inert, temperature resistant, pH-stable and biocompatible [450].

As a final note, preliminary coating of the chitosan-ZnO nanocomposite films revealed
poor adhesion onto those HDPE substrates without any surface oxidisation. The lack of
film adhesion on the polymer was visually apparent during the microbial assessment
stage; where the surface scraping step to dislodge and remove the early-stage biofilm
resulted in also removing the chitosan-ZnO nanocomposite films. Therefore, surface
oxidisation was performed using UVO and sulfuric-acid oxidative treatment (UVO-SA)
methods which improved film adhesion sufficiently to withstand the microbial scaping

stage. Herein all coatings were applied onto UVO-SA treated HDPE surfaces.

A summary of the different preparation conditions relative to the work of Al-Naamani
and co-workers [351] has been provided below. ZnO nanoparticle <50 nm nanoparticle
size which is a similar size to that used by Al-Naamani et al. was used. Furthermore, the

DDA has been kept constant for LMW and MMW chitosan used, purchased at 75-85%
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deacetylation for both forms. All samples prepared have been examined against an
early-stage biofilm of E. coli (ATCC 10536), P. aeruginosa was not used in this study as
the batch in the lab had some issues during this time and more was needed to be

provided from sponsors.

Based on the above-mentioned variables, the final experimental reagent

concentrations have been tabulated below:

Polymer Zn0O Solvent NaOH-HW
(x/100 mL solvent) (g/100 mL solvent) (100mL) Yes/No
1 LMW 0.1 g chitosan 0.2 1% acetic acid No
2 MMW 0.1 g chitosan 0.2 1% acetic acid No
3 LMW 0.1 g chitosan 0.2 1% acetic acid Yes
4 MMW 0.1 g chitosan 0.2 1% acetic acid Yes
5 LMW 1.5 g chitosan 0.2 1% acetic acid No
6 MMW 1.5 g chitosan 0.2 1% acetic acid No
7 LMW 1.5 g chitosan 0.2 1% acetic acid Yes
8 MMW 1.5 g chitosan 0.2 1% acetic acid Yes
9 LMW 1.75 g chitosan 0 1% acetic acid No
10 MMW 1.75 g chitosan 0 1% acetic acid No
11 LMW 1.75 g chitosan 0.75 1% acetic acid No
12 MMW 1.75 g chitosan 0.75 1% acetic acid No
13 LMW 0.5 g chitosan 0 10% acetic acid No
14 LMW 0.5 g chitosan 1.5 10% acetic acid No
15 LMW 1 g chitosan 0 10% acetic acid No
16 LMW 1 g chitosan 1.5 10% acetic acid No
17 MMW 5%v PVP 0 10% acetic acid No
18 MMW 5%v PVP 1.5 10% acetic acid No

Table 6.1 Experimental matrix performed, film casting maintained at pH 6 using 0.1 M NaOH in

all cases. Where LMW and MMW refer to low and medium molecular weight of the polymers.
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6.2.2 Evaluation of Chitosan-ZnO Coating on Oxidised HDPE

The composition and presence of the chitosan-ZnO coatings were examined using a
range of techniques, including XPS, ATR-FTIR spectroscopy and AFM. Contact angle
goniometry was performed but did not show any meaningful trends or information,

therefore this data can be found in the Appendix, under Chapter 6[B].

XPS was performed on a selection of these samples (due to instrument access and time
constraints) to determine the surface composition ratios for C:0:N:Zn present. The data
has been provided as a ratio relative to N because N is a key element present in all
polymers used for the film (chitosan and PVP), see XPS results in Table 6.2 (full survey

scans of these results can be found in the Appendix for Chapter 6[C]).

The data revealed that an increase from 0.1 g to 1.5 g for both LMW and MMW
formulations has caused an increase in the content of chitosan on the surface by 3.8
times when comparing the ratio of N to C elements found. This is expected as more
chitosan is being added to the formulation. It can be observed that the NaOH-HW has
shown to reduce the amount of N relative abundance overall that was present on the
surface, the NaOH-HW has also reduced the amount of ZnO which may be due to its
dissolution by hydrolysis. Kinetic evaluation of ZnO has proven that a sufficiently large
pH increase can lead to a metastable solubility stage with a higher degree of stable Zn?*
forming, proposed to be due to the formation of a hydroxide interfacial layer [451]. The
percentage of N drops in both cases for 1.75 g concentrations MMW and LMW chitosan
in the presence of 0.75 g ZnO (formulations 11 and 12 in Table 6.2). Furthermore the
1.75 g LMW sample (formulation 11) shows very high levels of ZnO present relative to
N at the surface. This decrease may be because the addition of greater ZnO increases
the alkalinity of the system [449], which in turn leads to reduce chitosan solubility

effectively in solution.
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Coating Formulations N C (0] Zn S

1 LMW 0.1 g chitosan — 0.2 g ZnO — 1% acetic acid 1 311 107 28 0.0
2 MMW 0.1 g chitosan —0.2 g ZnO — 1% acetic acid 1 314 139 11 0.0
5 LMW 1.5 g chitosan —0.2 g ZnO — 1% acetic acid 1 8.2 47 03 0.04
6 MMW 1.5 g chitosan — 0.2 g ZnO — 1% acetic acid 1 7.8 46 03 0.06
7 LMW 1.5 g chitosan — 0.2 g ZnO — 1% acetic acid — NaOH HW 1 11.2 6.1 0.0 0.0
8 MMW 1.5 g chitosan — 0.2 g ZnO — 1% acetic acid — NaOH HW 1 16.6 16.4 0.3 0.2
9 LMW 1.75 g chitosan — 1% acetic acid 1 8.2 58 00 0.2
10 MMW 1.75 g chitosan — 1% acetic acid 1 7.3 44 0.0 0.04
11 LMW 1.75 g chitosan —0.75 g ZnO — 1% acetic acid 1 36.7 55.7 416 0.0
12 MMW 1.75 g chitosan —0.75 g ZnO — 1% acetic acid 1 40.7 195 79 1.0
17 PVP — 10% acetic acid 1 127 3.7 00 01
18 PVP —-1.5 g ZnO — 10% acetic acid 1 332 104 0.2 05

Table 6.2 XPS ratio of C:0:N:Zn:S relative to nitrogen. Full survey scans can be found in the

Appendix under Chapter 6[B].

ATR-FTIR is a useful tool to characterise the presence of key functional groups because
different covalent bonds in these functional groups provide different characteristic
absorption frequencies from their vibrational modes. The intensity of absorption
primarily depends on the polarity of bond and the number of bonds responsible for the
absorption, so with more of the same bond offering higher intensities. Although it is
important to note that the intensity and sharpness of the peaks may also depend on
other experimental factors such as moisture content of film, how much load the ATR
crystal puts on the surface, and how soft/hard the material is which affects the contact
area of the crystal with the surface for measurements. Nevertheless, ATR-FTIR is a
common technique used to evaluate chitosan films and is a technique utilised in this
study to identify key structural functional groups found within chitosan and examine if
there were chemical group changes associated with the different formulations

prepared.
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The reference samples used were HDPE untreated, HDPE UVO-SA surface oxidised and
the chitosan commercial powder (starting material). These have been compared with
chitosan-ZnO films prepared using 0.1 and 1.5 g/100 mL LMW/MMW chitosan with 0.2
g/100 mL ZnO nanoparticles, without NaOH-HW treatment, refer to Table 6.1 and Table
6.2. The ATR-FTIR results gathered show a broad strong band in the region of 3600-3000
cm™ which corresponds to -OH and -NH stretching modes. Chitosan contains both
primary and secondary alcohol functionalities which translates to broad bands in this IR
band region. This viewpoint is supported by reports investigating the FTIR of chitosan
[452], and is associated with the internal variations in hydrogen bonding from these
functional groups. The HDPE UVO-SA oxidised sample revealed a broad and strong -OH
band arising from extensive oxidisation treatments, as expected. Peaks associated for
C-O from secondary and primary alcohol groups can be found in the spectra between
1140-1030 cm™ for both LMW and MMW films, see Figure 6.2, which are weak bands
compared to the chitosan powder [452]. The N-H bending amide Il peak was shown
between 1567-1550 cm™ for MMW chitosan-ZnO film and 1563-1661 cm™ for LMW
which corroborates well with literature findings [435,445,452]. The C=0 stretching
from the amide | group presents was found at 1643 cm™ for LMW and 1646-1643 cm'?
for MMW, this result is also seen in chitosan films prepared by other researchers [435].
There is also a small but sharp peak for the OCO bending mode from acetate that’s from
the solvent system which is found present at around 613-612 cm™ found in all films of
LMW and MMW chitosan-ZnO nanocomposite materials prepared [453], which is not

found in the starting material.
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Figure 6.2 LMW (a) and MMW (b) chitosan-ZnO nanocomposite coatings compared to LMW

chitosan powder, HDPE untreated and HDPE oxidised control materials.
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The results showed that overall, the increase in the ZnO concentration from 0 g to 0.75
g has reduced the intensity of key peaks for % transmittance. This result is seen in nearly
all concentrations of LMW and MMW chitosan tested in this matrix, which is more

prominent for MMW chitosan containing films, see below Figure 6.3.
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Figure 6.3 ATR-FTIR of MMW and LMW chitosan dip-coated at 1.75 g /100 mL at varying ZnO

nanoparticle concentrations.

ATR-FTIR on these samples has found that the strong double peak present between
2915-2850 cm* for HDPE is due to the asymmetrical -CH; stretching of the methylene
group is not prominent and sharp which suggest that coating using 10% acetic acid is
highly efficacious in forming a thick film that is able to mask the intensity of these peaks,
see Figure 6.4. A sharp NH amide Il peak is present in all films at around 1550 cm™
found in chitosan, which is less prominent in the chitosan powder control. Furthermore,
peaks for the presence of C-O from alcohols was seen at around 1120 cm™ for all films
found from chitosan. Sharp peaks from the carboxylate groups due to the presence of
acetic acid in the system is also spotted in the spectra, at 1400 cm™ as anticipated, which

is not found in the LMW chitosan powder.
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Figure 6.4 ATR-FTIR of LMW chitosan films and nanocomposite films containing ZnO

nanoparticles, using 10% acetic acid.

The formation of the PVP films has been examined also using ATR-FTIR, the C=0
stretching peak is found at 1629 cm™ for the PVP film, and 1638 cm™ for PVP-ZnO
composite film; C-N stretching is shown at 1292-1293 cm™ for both PVP films, and

corroborate with findings from literature of PVP coatings [454], see Figure 6.5.
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Figure 6.5 ATR-FTIR of films on UVO-SA HDPE of PVP and PVP-ZnO nanocomposite (1.5g ZnO).
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AFM images for a range of chitosan-ZnO nanocomposite films are shown in Figure 6.6.
These results show that there is a great variation in film uniformity depending on the
synthesis conditions. The roughness parameters obtained (Ras and Rq) depict a smooth
surface to have been prepared using these procedures. For example, LMW CS 1.5g-0.2g
ZnO (with NaOH-HW) shows clear depiction of the ZnO nanoparticle uniformly
distributed on the surface of the coating, whereas the same formulation, without the
NaOH-HW, shows no such uniformity. This may be due to various factors, which may
involve variations in manual dip-coating, drying, sample formulation, and film

heterogeneity.
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Figure 6.6 AFM images of some of the chitosan-ZnO nanocomposite films prepared in Part 1, 3D

roughness and 2D stiffness has been provided for the same image.

AFM images of a selection of samples were obtained in this study, see Figure 6.7.
Surface topographical uniformity is lost, and an aggregated surface film can be observed
in the LMW samples, with the ZnO nanoparticles being spread randomly under these

conditions. This behaviour is also mirrored in the MMW PVP films.
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Figure 6.7 AFM images of chitosan-ZnO, chitosan, PVP, PVP-ZnO composite films prepared on
UVO-SA oxidised HDPE surfaces using dip-coating approach. Images have 526 x 526 pixel

resolution at 2 x2 um scale, N=1.

6.2.3 Antimicrobial Performance Against E. coli Early-Stage Biofilm

The efficacy of these materials against the early-stage biofilm of E. coli has been
assessed using the viable plate counting assay (protocol found in Chapter 3). The results
show that there was no significant loss or change in colonies grown from using these
nanocomposite coatings compared to the untreated HDPE and oxidised UVO-SA
material. Also, no conclusive antimicrobial effect is observed from these coatings even
though great care has been implemented to evaluate different experimental conditions
and formulations, Table 6.3. The highest loss in E. coli viability was observed for the
more higher concentrations of LMW chitosan (1.75 g) and in the presence of 0.75 g ZnO,
with a 2.9 log reduction observed, photos of the agar plates are provided in Figure 6.8.
Such a trend was not observed for the MMW chitosan-ZnO samples prepared, and this
material can be concluded as not efficacious. This material had the highest
concentration of ZnO and chitosan possible with this formulation (1 % acetic acid), and
modulation to higher concentrations by using 10 % acetic acid did not afford heightened

antimicrobial effects.

Alternatively, slight reductions in E. coli viability was observed for LMW and MMW 1.5
g chitosan formulations (containing 0.2 g ZnO/100 mL), formulations 5 and 6 in Table
6.3 (A) giving log 5.7 and 4.3 respectively. The NaOH-HW performed has shown to
remove the slight antimicrobial property present in these surfaces, formulations 7 and

8 in Table 6.3 (A).
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Zn0 NaOH- .

A Polymer Solvent E. coli
(g/100 mL
(x/100 mL solvent) (100mL) CFU/mL (Log1o)
solvent) Yes/No
1 LMW 0.1 g chitosan 0.2 1% acetic acid No 6.4 +/- 0.1 {p=2x1073}
2 MMW 0.1 g chitosan 0.2 1% acetic acid No 6.3+/- 0.1 {p=2x10?%}
3 LMW 0.1 g chitosan 0.2 1% acetic acid Yes 6.4 +/- 0.2 {p=9x103}
4 MMW 0.1 g chitosan 0.2 1% acetic acid Yes 6.2 +/- 0.1 {p=8x10?}
5 LMW 1.5 g chitosan 0.2 1% acetic acid No 5.7 +/- 0.1 {p=0.01}
6 MMW 1.5 g chitosan 0.2 1% acetic acid No 4.3 +/- 0.3 {p=4x107"}
7 LMW 1.5 g chitosan 0.2 1% acetic acid Yes 6.3 +/- 0.6 {p=0.3}
8 MMW 1.5 g chitosan 0.2 1% acetic acid Yes 6.0 +/- 0.1 {p=0.6}
9 LMW 1.75 g chitosan 0 1% acetic acid No 6.6 +/- 0.1 {p=2x10"°}
10 | MMW 1.75 g chitosan 0 1% acetic acid No 6.3 +/- 0.1 {p=0.02}
11 | LMW 1.75 g chitosan 0.75 1% acetic acid No 3.2 +/- 0.5 {p=2x10"}
12 | MMW 1.75 g chitosan 0.75 1% acetic acid No 5.9 +/- 0.3 {p=0.6}
13 LMW 0.5 g chitosan 0 10% acetic acid No 6.1 +/- 0.1 {p=0.4}
14 | LMW 0.5 g chitosan 1.5 10% acetic acid No 5.8 +/- 0.2 {p=0.1}
15 LMW 1 g chitosan 0 10% acetic acid No 6.5 +/- 0.1 {p=3x10"}
16 LMW 1 g chitosan 1.5 10% acetic acid No 6.1 +/- 0.1 {p=0.4}
17 MMW 5%v PVP 0 10% acetic acid No 6.0 +/- 0.5 {p=0.8}
18 MMW 5%v PVP 1.5 10% acetic acid No 6.0 +/- 0.2 {p=0.9}
E. coli
B Controls
CFU/mL (Log1o)
1 HDPE UVO-SA oxidised 6.0+/-0.4
HDPE control (untreated) 6.1+/-0.3

Table 6.3 Viable plate counting assay of early-stage biofilm with E. coli using HDPE oxidised
samples coated with MMW and LMW chitosan-ZnO thin-films, PVP films in table A and relevant
controls provided in table B. T-tests were performed to compare results to UVO oxidised HDPE

control, {p=value}.
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Figure 6.8 Photos of E. coli agar plates exposed to serial dilution from N (neat) to -6; left: HDPE
oxidised with LMW chitosan 1.75 g/0.75 g ZnO; right: HDPE untreated control surface.

The variability of the chitosan film preparation to achieve an antimicrobial effect has
also been observed by others. Fernandez-Saiz et al. performed a detailed study on
HMW chitosan and found that a ‘just-formed chitosan’ film can show a 7-log reduction
in S. aureus, whereas an NaOH neutralised film, a 48-h old-film, and a chitosan solution
containing the same amount of high MW chitosan gave no reduction of S. aureus
colonies. This ultimately revealed that in order for a biocidal result to be seen for HMW
chitosan in their system, a gelled and viscous acidic solution form of the film is needed,
where the amine groups are protonated/ionised [455]. Other film variables which were
thought to impact on antimicrobial performance included the quality of chitosan which
varies depending on its source, and can cause disparities in their crystallinity,
physiochemical characteristic and ash contents [456]. These observations are important
as the physical properties of chitosan in aqueous solution depends on the DDA and the
acetyl group distribution in the polymer chains, with uneven acetyl group distribution
leading to lower solubility and encouraging aggregate formation [457]. Deacetylation is
also important for influencing the MW (MW decreases with decreasing deacetylation),
tensile strength, biodegradability, crystallinity (greater acetylation causes greater

crystallinity), hydrophilicity, chemical reactivity and bio-response [458].
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The failure of forming an effective significant antimicrobial performance of these
materials against E. coli, even after extensive modulation of various parameters in this
study, suggests that intrinsically there may be a loss of active antimicrobial agent across
all samples. Chitosan antimicrobial activity is largely agreed to be attributed to the
primary amine functionalities present in the structure of chitosan [188]. The ninhydrin
assay is a common method used to validate the presence of free amine groups in
chitosan as this has shown to correlate well with the antimicrobial performance
attained by chitosan containing materials [459,460]. Ninhydrin can react with primary
amine groups to form a purple solution, 2,2-dihydroxyindane-1,3-dione (also known as
Ruhemann’s purple), which has a maximum absorption at 570 nm (g= 22000). A
selection of reference samples were examined using this assay and the absorption at

570 nm was evaluated, see Table 6.4.

The selection of samples was based on antimicrobial results, see Table 6.3. The higher
concentration of chitosan exhibited a slight reduction in E. coli viability (1.5 g
MMW/LMW chitosan —0.2g ZnO samples). The higher ZnO concentration showed with
increased LMW chitosan concentration showed the most significant antimicrobial
performance (1.75g LMW chitosan-0.75g ZnO). The results presented showed that the
most antimicrobial surface found and prepared was the 1.5 g LMW chitosan-1.75g ZnO
sample, which revealed the presence of free amine moieties but not uniformly across
the sample. All other samples remained yellow and did not show a colour change to
purple. Full spectral data can be obtained in the Appendix under section Chapter 6[D]

for all samples.

Samples Absorption at 570 nm
Untreated control 0.013 +/- 0.004
UVO-SA oxidised 0.011 +/- 0.006
MMW 1.5 g chitosan- 0.2 g ZnO 0.017 +/- 0.006
LMW 1.5 g chitosan- 0.2 g ZnO 0.020 +/- 0.011
LMW 1.75 g chitosan-0.75 g ZnO 0.096 +/- 0.047
MMW 1.75 g chitosan-0.75 g ZnO 0.028 +/- 0.008
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Table 6.4 Ninhydrin assay results on chitosan-ZnO nanocomposite films formed on UVO-SA
oxidised HDPE materials, (+/- SD). A photo of 1.75g LMW chitosan — 1.75g ZnO film has been

provided below, with n=3 where it can be observed that 2/3 samples has turned purple.

The DDA is a key parameter that governs the properties and behaviour of chitosan and
is defined as the proportion of N-acetyl-glucosamine units present in the polymer. The
degree of acetylation (DA) is usually between 13-40% because it is difficult to fully
deacetylate chitosan [461]. FTIR is a quick technique that is commonly used for the
evaluation of DDA. DDA values can change depending on the (i) type and level of
impurities, (ii) source, (iii) polymer morphology, and (iv) deacetylation conditions of
chitin. Evaluation methods for the DA of chitosan using FTIR by researchers vary,
depending on the calculation they have employed, and each contain their own
limitation and advantages. For example, errors made from samples containing high
values of DA, variations in sample drying, and peak resolution (i.e. many peaks
appearing in the region of the reference peak)[462]. The chitosan ordered
(MMW/LMW) both are said to have a DDA between 75-85%; ATR-FTIR was used to
evaluate and confirm the DDA, and to determine if this was a limiting factor in this

project. Equation 6.1 has been used to calculate the % DDA [463].

% DDA = (“‘M - 0.3822) X — Equation 6.1
1420 .
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The MMW/LMW chitosan starting materials used in this study was vacuum dried under
a desiccant (silica) overnight and evaluated under ATR-FTIR (Perkin Elmer). The results
found that for the LMW chitosan powder a % DDA of 76.4+/- 0.2 % was obtained, and
for MMW chitosan powder a % DDA of 86.7+/-3.1 was obtained using three separate
spectra, values used can be found in the Appendix Chapter 6[E]. These results suggest
that during the preparation of the films, the free amine groups have become
unavailable for antimicrobial activity, and in turn explains the generally poor

antimicrobial performance of these materials.

6.3 Conclusion

The most effective formulation reported here achieved a 2.9 log reduction was
a LMW chitosan nanocomposite coating containing 1.75 g chitosan and 0.75 g ZnO
nanoparticles in 1 % acetic acid solvent (100 mL), dip-coated at pH 6 to reduce E. coli
early-stage biofilms, compared to the HDPE untreated control. This formulation
contained maximum saturation of chitosan and ZnO at 1% acetic acid. Attempts to
improve the anti-biofilm and antimicrobial attributes of this material by increasing the
concentration of chitosan and ZnO in the nanocomposite film formulation using a more
acidic solvent system (10 % acetic acid, 100 mL) did not prove efficacious. The anti-
biofilm performance seen in the 1.75g LMW chitosan-0.75g ZnO formulation was later
attributed to the presence free amino groups which was confirmed by the ninhydrin
test for primary amines. This work supports the hypothesis mentioned by many
researchers that the antimicrobial property of chitosan is due to the presence of free

amine groups in the film.

Zn0O nanoparticles contained within the films found independently to show that a
tendential increase in its concentration in the formulation, offered a gradual (small)
reduction in the E. coli early-stage biofilm viability when LMW chitosan was used with

1% acetic acid solvent system.

The lack of success from the efforts to prepare and optimise different chitosan

formulations to produce a highly antimicrobial surface on HDPE, suggests that the
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antimicrobial active agent (-NH;) groups are highly sensitive to the solution conditions

in the preparation of a chitosan composite films.
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CHAPTER 7

Concluding Discussion

7.1 Summary

This research project has evaluated the modification of a range of polyolefinic industrial
materials, with HDPE being used as the model substrate primarily under investigation.
A thorough evaluation of surface polymer oxidisation has been performed which
provided a detailed understanding of sulfuric-chromic acid oxidisation for polyolefinic
materials and the chemical basis for its antimicrobial performance, as well as its
limitations which will govern its application scope. Sulfuric-chromic acid oxidisation of
HDPE and PP proved efficacious against Gram-negative organisms of E. coli and P.
aeruginosa when examined, with both reduced adhesion and reduced viability
observed in confocal laser scanning microscopy experiments, and viable cell
enumeration studies respectively. The use of fluorescent dye DiBAC4(3) revealed a
significant loss in membrane potential upon exposure to sulfuric-chromic acid oxidised
surfaces. Furthermore, a reduction in adhesion was observed with increasing sulfuric-
acid oxidisation time, which was shown to be stable under standard room storage
conditions even after 3 months, when tested with HDPE substrate. This sulfuric-chromic
acid oxidative treatment was also essential in maximising and optimising the
antimicrobial performance of SnO; thin-film coated polymers, as it helped provide both
an anti-adhesive and bactericidal surface as demonstrated by the Syto™9/PI Viability
Kit. In addition, the sulfuric-chromic acid pre-treatment has helped to reduce SnO;
leaching when these coatings were rinsed. Furthermore, surface oxidisation was a
powerful took to investigate the performance of chitosan-ZnO coatings because it
provided a strong foundation for adhesion of the nanocomposite film onto the HDPE
substratum; as without this surface treatment, the coated film would easily peel away

from the polymer.

Overall sulfuric-chromic acid oxidisation of HDPE showed a 5.2-6 log reduction in the
early-stage biofilm of P. aeruginosa, and a 3-log reduction when PP was used. This
difference was attributed to the higher level of labile Cr for HDPE found from surface

characterisation. No antimicrobial performance with the viable cell enumeration was
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observed using a Gram-positive organism which was related to the presence of the
thicker peptidoglycan layer that make up its cell wall. There was no influence of surface
topographical changes caused from oxidisation on antimicrobial response.
Furthermore, comparison of alternate chemical oxidisation approaches (UVO and hot
sulfuric-acid treatment) revealed that only sulfuric-chromic acid oxidisation resulted in
significant reduction in colony counts, which pertained to its ability to produce labile-
chromium containing species on the surface, whereas the other oxidising treatments
did not show any loss in colony counts compared to the untreated HDPE surface.
However, evaluation of microbial attachment of these alternate oxidising treatments
were not performed in this project. Furthermore, detailed comparison of Cr-
oxyhydroxide coatings with sulfuric-chromic acid treatment approach on HDPE further
confirmed that the extensive loss of labile Cr species is essential in producing an

antimicrobial result.

The excellent performance of sulfuric-chromic acid HDPE in reducing colony formation
in Gram-negative organisms was not demonstrated by any of the other antimicrobial
polymers prepared in this research project. Recyclability experiments of the oxidised
HDPE samples in an aqueous environment showed an extensive loss of the antimicrobial
specie which was not based on the presence of the biofilm on the surface, but from the
excessive washing and cleaning that produced a loss of labile Cr species. Furthermore,
this behaviour also explains why mature biofilm when exposed to a 24 hr hydrated

environment, did not prove efficacious.

Alternatively, evaluation of SnO; thin-films using CLSM-based assays revealed the
maintained stability and performance of the SnO; coating in both ethanol and water
environments for extended time periods, as well as in saline, with maintained PI dye
uptake observed. However, with the viable enumeration assay, the oxidised HDPE with
Film A/B showed reduced viability growth only for 10 and 30 min oxidised samples,
whereas the HDPE samples without pre-treatment that had been coated with Film A/B
showed the largest reduction (4-log reduction) in colony counts compared to the HDPE
untreated control. Furthermore, the use of this technology was efficacious but not
substantial, with PP and PC polymers that were not pre-treated (oxidised), based on

confocal microscopy studies. However, SnO; thin-films were unable to show any loss in
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viability against the early-stage biofilms of S. aureus and E. coli when investigated, as

well as for mature 24 hydrated biofilm of P. aeruginosa.

A thorough formulation evaluation of chitosan-ZnO coatings with optimised
antimicrobial performance was conducted. The most effective formulation that
achieved a 3.4-log reduction with E. coli was a LMW chitosan nanocomposite coating
containing 1.75 g chitosan and 0.75 g ZnO nanoparticle in 1 % acetic acid solvent (100
mL), dip-coated at pH 6. Furthermore, the anti-biofilm performance seen in the 1.75g
LMW chitosan-0.75g ZnO formulation was later attributed to the presence free amino
groups which was confirmed by the ninhydrin test for primary amines. It was found that
ZnO nanoparticles within the films in the presence of 1% acetic acid formulation
resulted in a gradual reduction in E. coli viability with an increase in its concentration in
the formulation. It was found that efforts to increase the concentration of chitosan and
ZnO by using lower pH solvent system via 10% acetic acid, proved ineffective in offering

an antimicrobial performance as a coating.
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7.2 Future Work

Future work for this project could venture into many avenues as there are

different areas that can be further investigated to confirm findings found.

This project has shown that oxidisation using sulfuric-chromic acid oxidisation on HDPE
reduces the early-attachment of bacteria as well as the culturability and viability of
recovered cells of Gram-negative bacteria. Examination of the effects of other
oxidisation methods (such as UV/ozone and sulfuric acid treatment) did not show a
similar reduction in culturability. The attachment behaviour of these alternate
(UV/ozone and sulfuric acid treatment) methods were not investigated in this research
project. However, previous research has confirmed that oxidisation using similar
alternate methods on different polymers in literature (UV/ozone, plasma treatment...)
has shown to correlate to reduced early-stage bacterial attachment, therefore further
research into validating the early-stage attachment of bacteria against a range of varied
polymer surface oxidisation approaches across a range of polymer materials in a cross-
comparative large high-through put study would bring insight into not only the early-
stage attachment behaviour of bacteria but also the mechanism of the antiadhesive
property that has been observed with oxidised polymers in the past. For example, which
oxidised functional group is primarily contributing to reduced attachment of bacteria
and whether it pertains to the proposed water barrier theory, which mentions that a
strong hydration layer on the polymer surface serves as an energetic barrier to prevent

adhesion.

This project has revealed the efficacy of labile chromium surface species in helping to
produce an AMP, however due to the very small residual amounts of this species
available the approach is limited when sulfuric-chromic acid oxidisation is employed as
here the chromium is acting as a catalyst to aid the oxidisation of the polymer surface.
As aresult, in order to produce a more antimicrobial surface strategy, one approach can
look into further investigating synthesis routes that aid the grafting or incorporation of
labile chromium with a slow release mechanism, in order to achieve a more effective

AMP technology.
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Another important area of future work can look into the antimicrobial efficacy of the
AMP promising approaches presented in this thesis against real-world environmental
assays in order to find a more precise application scope for these technologies. For
instance, the antimicrobial performance of sulfuric-acid oxidised HDPE/PP, and SnO;
coated polymers can be investigated in an assay that evaluates biofilm development in
air under dry conditions, which mirrors situations where microbial surface
contamination from hand-skin touching occurs on contact points or from sneezing onto
a surface which later dries down. This is important as mature biofilm studies performed
under a 24-h hydrated environment in the presence of nutrient rich media did not show
any antimicrobial result for these materials. However, such an environment is more
stressed and favours microbial growth and biofilm proliferation due to the nutrients and
water available as these AMP approaches do not contain a lot of antimicrobial active
agents to effectively combat such a system. As a result, environmental experiments
under dry conditions can help shed light on the uses and limitations of these AMP
approaches for use in a hospital environment, in public spaces, as product packaging,

and its efficacy as well as stability.

The formulation of chitosan-ZnO nanocomposite coatings as an effective AMP proved
difficult in this research project, therefore another avenue of future work could
investigate improving the stability of the formulation to ensure that the free amine
groups of chitosan are available and surface exposed, in order for a more antimicrobial
coating to be synthesised as the free amine was confirmed to be the active specie

contributing to loss in microbial viability against early-stage biofilms of E. coli.

239



10.

11.

References

Costerton, J.W.; Geesey, G.G.; Cheng, K.J. How Bacteria Stick. Sci. Am. 1978, 238, 86—
95.

Mahami, T.; Adu-gyamfi, A. Biofilm-Associated Infections : Public Health Implications.
Int. Res. J. Microbiol. 2014, 2, 375-381.

Consterton, J.W.; Cheng, K.J.; Geesey, G.G.; Timothy, I.L.; Nickel, J.C.; Dasgupta, M.;
Marrie, T.J. Bacterial Biofilms in Nature and Disease. Ann. Rev. Microbiol. 1987, 41,

435-464.

Marsh, P.D. Microbiology of Dental Plaque Biofilms and Their Role in Oral Health and
Caries. Dent. Clin. North Am. 2010, 54, 441-454.

Rosenthal, V.D.; Bijie, H.; Maki, D.G.; Mehta, Y.; Apisarnthanarak, A.; Medeiros, E.A.;
Leblebicioglu, H.; Fisher, D.; Alvarez-Moreno, C.; Khader, I.A.; et al. International
Nosocomial Infection Control Consortium (INICC) Report, Data Summary of 36

Countries, for 2004-2009. Am. J. Infect. Control 2012, 40, 396—407.

Davies, D. Understanding Biofilm Resistance to Antibacterial Agents. Nat. Rev. Drug

Discov. 2003, 2, 114-122.

Mclean, R.J.C.; Lam, J.S.; Graham, L.L. Training the Biofilm Generation - a Tribute to J.

W. Costerton. J. Bacteriol. 2012, 194, 6706—6711.

Kathju, S.; Nistico, L.; Tower, I.; Lasko, L.A.; Stoodley, P. Bacterial Biofilms on Implanted

Suture Material Are a Cause of Surgical Site Infection. Surg. Infect. 2014, 15, 592—600.

Raksha, L.; Gangashettappa, N.; Shantala, G.B.; Nandan, B.R.; Sinha, D. Study of Biofilm
Formation in Bacterial Isolates from Contact Lenses. Indian J. Opthalmology 2020, 68,

23028.

Wiley, L.; Bridge, D.R.; Wiley, L.A.; Odom, J.V.; Elliott, T.; Olson, J.C. Bacterial Biofilm
Diversity in Contact Lens-Related Disease: Emerging Role of Achromobacter,

Stenotrophomonas, and Delftia. Investig. Ophthalmol. Vis. Sci. 2012, 53, 3896—3905.

Jamal, M.; Ahmad, W.; Andleeb, S.; Jalil, F.; Imran, M.; Nawaz, M.A.; Hussain, T.; Ali, M.;
Rafig, M.; Kamil, M.A. Bacterial Biofilm and Associated Infections. J. Chinese Med.
Assoc. 2018, 81, 7-11.

240



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kumar, S.; Chandra, N.; Singh, L.; Hashmi, M.Z.; Varma, A. Biofilms in Human Disease:

Treatment and Control; Springer, Cham: Switzerland, 2019;

Costa, D.M.; Johani, K.; Melo, D.S.; Lopes, L.K.O.; Lopes Lima, L.K.O.; Tipple, A.F.V.; Hu,
H.; Vickery, K. Biofilm Contamination of High-Touched Surfaces in Intensive Care Units:

Epidemiology and Potential Impacts. Lett. Appl. Microbiol. 2019, 68, 269-276.

Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial Biofilms: A Common Cause of

Persistent Infections. Science. 1999, 284, 1318-1322.

Gu, J.-D. Microbiological Deterioration and Degradation of Synthetic Polymeric

Materials: Recent Research Advances. Int. Biodeterior. Biodegradation 2003, 52, 69-91.

Mahapatra, A.; Padhi, N.; Majapatra, D.; Bhatt, M.; Sahoo, D.; Jena, S.; Dash, D.;
Chayani, N. Study of Biofilm in Bacteria from Water Pipelines. J. Clin. Diagn. Res 2015,
9, 9-11.

Vickery, K.; Pajkos, A.; Cossart, Y. Removal of Biofilm from Endoscopes: Evaluation of

Detergent Efficiency. Am J Infect Control. 2004, 32, 170-176.

Flint, S.; Hartley, N. A Modified Selective Medium for the Detection of Pseudomonas

Species That Cause Spoilage of Milk and Dairy Products. Int. Dairy J. 1996, 6, 223-230.

Iversen, C.; Lane, M.; Forsythe, S.J. The Growth Profile, Thermotolerance and Biofilm
Formation of Enterobacter Sakazakii Grown in Infant Formula Milk. Lett. Appl.

Microbiol. 2004, 38, 378-382.

WHO High Levels of Antibiotic Resistance Found Worldwide, WHO, New Data Shows
Available online: https://www.who.int/mediacentre/news/releases/2018/antibiotic-

resistance-found/en/ (accessed on 18 February 2021).

Sabnis, A.; Hagart, K.L.H.; Kléckner, A.; Becce, M.; Evans, L.E.; Furniss, R.C.D.; Mavridou,
D.A.l.; Murphy, R.; Stevens, M.M.; Davies, J.C.; et al. Colistin Kills Bacteria by Targeting
Lipopolysaccharide in the Cytoplasmic Membrane. Elife 2021, 10, 1-26.

Charles, J.; Ramkumaar, G.R. Qualitative Analysis of High Density Polyethylene Using
FTIR Spectroscopy. Asian J. Chem. 2009, 21, 4477—-4484.

Demirors, M. The History of Polyethylene. In 100+ Years of Plastics. Leo Baekeland and
Beyond; Washington, 2011; pp. 115-145.

Gibson, H.; Taylor, J.H.; Hall, K.E.; Holah, J.T. Effectiveness of Cleaning Techniques Used

241



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

in the Food Industry in Terms of the Removal of Bacterial Biofilms. J. Appl. Microbiol.

1999, 87, 41-48.

Parkar, S.G.; Flint, S.H.; Brooks, J.D. Evaluation of the Effect of Cleaning Regimes on
Biofilms of Thermophilic Bacilli on Stainless Steel. J. Appl. Microbiol. 2004, 96, 110-116.

Garrett, T.R.; Bhakoo, M.; Zhang, Z. Bacterial Adhesion and Biofilms on Surfaces. Prog.
Nat. Sci. 2008, 18, 1049-1056.

Zottola, E.A.; Sasahara, K.C. Microbial Biofilms in the Food Processing Industry-Should
They Be a Concern? Int. J. Food Microbiol. 1994, 23, 125-148.

Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial Biofilms: From the Natural

Environment to Infectious Diseases. Nat. Rev. Microbiol. 2004, 2, 95—-108.

Rasmussen, B. Filamentous Microfossils in a 3,235 Million Year Old Volcanogenic

Massive Sulphide Deposit. Nature 2000, 405, 676—679.

Noffke, N.; Hazen, R.; Nhieko, N. Earth’s Earliest Microbial Mats in a Siliciclastic Marine

Environment (2.9 Ga Mozaan Group, South Africa). Geology 2003, 31, 673—-676.

Romling, U.; Kjelleberg, S.; Normark, S.; Nyman, L.; Uhlin, B.E.; Akerlund, B. Microbial
Biofilm Formation: A Need to Act. J. Intern. Med. 2014, 276, 98-110.

Henrici, A.T. A Direct Microscopic Technique. J. Bacteriol. 1933, 25, 277-287.

McCoy, W.F.; Bryers, J.D.; Robbins, J.; Costerton, J.W. Observations of Fouling Biofilm
Formation. Can. J. Microbiol. 1981, 27, 910-917.

Mack, W.N.; Mack, J.P.; Ackerson, A.O. Microbial Film Development in a Trickling Filter.
Microb. Ecol. 1975, 2, 215-226.

Lappin-Scott, H.; Burton, S.; Stoodley, P. Revealing a World of Biofilms-the Pioneering
Research of Bill Costerton. Nat. Rev. Microbiol. 2014, 12, 781-787.

Qureshi, N. Beneficial Biofilms: Wastewater and Other Industrial Applications. Biofilms

Food Beverage Ind. 2009, 474—-498.

Qureshi, N.; Maddox, 1.S. Reactor Design for the ABE Fermentation Using Cells of
Clostridium Acetobutylicum Immobilized by Adsorption onto Bonechar. Bioprocess Eng.

1988, 3, 69-72.

Sreekumar, S.; Baer, Z.C.; Pazhamalai, A.; Gunbas, G.; Grippo, A.; Blanch, H.W.; Clark,

242



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

D.S.; Toste, F.D. Production of an Acetone-Butanol-Ethanol Mixture from Clostridium
Acetobutylicum and Its Conversion to High-Value Biofuels. Nat. Protoc. 2015, 10, 528—
537.

Peters, R.W.; Alleman, J.E. History of Fixed-Film Wastewater Treatment Systems. 1982,
1, 60-88.

Van Benthum, W.A.J.; Van Loosdrecht, M.D.M.; Heijnen, J.J. Control of Heterotrophic
Layer Formation on Nitrifying Biofilms in a Biofilm Airlift Suspension Reactor.

Biotechnol. Bioeng. 1997, 53, 397—-405.

Oyanedel, V.; Campos, J.L.; Garrido, J.M.; Lazarova, V.; Méndez, R. Development of a
Membrane-Assisted Hybrid Bioreactor for Ammonia and COD Removal in Wastewaters.

J. Chem. Technol. Biotechnol. 2005, 80, 206—-215.

Clifford, E.; Rodgers, M.; De Paor, D. Dairy Washwater Treatment Using a Horizontal
Flow Biofilm System. Water Sci. Technol. 2008, 58, 1879—-1888.

Chotani, G.K.; Dodge, T.C.; Arbige, M. V. Industrial Biotechnology: Discovery to
Delivery. In Handbook of Industrial Chemistry and Biotechnology: Twelfth Edition; 2012;
Vol. 2-2, pp. 1131-1182.

Gullo, M.; De Vero, L.; Giudici, P. Succession of Selected Strains of Acetobacter
Pasteurianus and Other Acetic Acid Bacteria in Traditional Balsamic Vinegar. Appl.

Environ. Microbiol. 2009, 75, 2585—-2589.

Reguera, G.; Nevin, K.P.; Nicoll, J.S.; Covalla, S.F.; Woodard, T.L.; Lovley, D.R. Biofilm
and Nanowire Production Leads to Increased Current in Geobacter Sulfurreducens Fuel

Cells. Appl. Environ. Microbiol. 2006, 72, 7345-7348.

Gargaud, M.; Amils, R.; Cleaves, H.J.; Pinti, H.J.; Quintanilla, J.C.; Ronan, D.; Spohn, T;

Tirard, S.; Viso, M. Encyclopedia of Astrobiology; Springer: Floraic, 2011;

Toyofuku, M.; Inaba, T.; Kiyokawa, T.; Obana, N.; Yawata, Y.; Nomura, N. Environmental

Factors That Shape Biofilm Formation. Biosci. Biotechnol. Biochem. 2016, 80, 7-12.
Lewis, K. Persister Cells. Annu. Rev. Microbiol. 2010, 64, 357-372.

Parsek, M.R.; Greenberg, E.P. Sociomicrobiology: The Connections between Quorum

Sensing and Biofilms. Trends Microbiol. 2005, 13, 27-33.
Kaplan, J.B.; Fine, D.H. Biofilm Dispersal of Neisseria Subflava and Other

243



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Phylogenetically Diverse Oral Bacteria. J. Bacteriol. 2002, 68, 4943—-4950.

de Beer, D.; Stoodley, P.; Roe, F.; Lewandowski, Z. Effects of Biofilm Structures on

Oxygen Distribution and Mass Transport. Biotechnol. Bioeng. 1994, 43, 1131-1138.
O’Toole, G.A. To Build a Biofilm. J. Bacteriol. 2003, 185, 2687—-2689.
Romeo, T. Bacterial Biofilms; Springer.; Springer Berlin Heidelberg: Atlanta, 2008;

O’Toole, G.A.; Kaplan, H.B.; Kolter, R. Biofilm Formation as Microbial Development.

Annu 2000, 54, 49-79.

O’Toole, G.A.; Pratt, L.A.; Watnick, P.I.; Newman, D.K.; Weaver, V.B.; Kolter, R. Genetic
Approaches to Study of Biofilms. Methods Enzymol. 1999, 310, 91-109.

O’Toole, G.A.; Kolter, R. Flagellar and Twitching Motility Are Necessary for
Pseudomonas Aeruginosa Biofilm Development. Mol. Microbiol. 1998, 30, 295—-304.

O’Toole, G.A.; Kolter, R. Initiation of Biofilm Formation in Pseudomonas Fluorescens
WCS365 Proceeds via Multiple, Convergent Signalling Pathways: A Genetic Analysis.
Mol. Microbiol. 1998, 28, 449-461.

Kuchma, S.L.; O’Toole, G.A. Surface-Induced and Biofilm-Induced Changes in Gene

Expression. Curr. Opin. Biotechnol. 2000, 11, 429-433.

Rasamiravaka, T.; Labtani, Q.; Duez, P.; El Jaziri, M. The Formation of Biofilms by
Pseudomonas Aeruginosa: A Review of the Natural and Synthetic Compounds

Interfering with Control Mechanisms. Biomed Res. Int. 2014, 2015, 1-17.

Bordi, C.; de Bentzmann, S. Hacking into Bacterial Biofilms: A New Therapeutic

Challenge. Ann. Intensive Care 2011, 1, 1-8.
Costerton, J.W. Introduction to Biofilm. Int. J. Antimicrob. Agents 1999, 11, 217-221.

Dressaire, C.; Moreira, R.N.; Barahona, S.; de Matos, A.P.A.; Arraiano, C.M. BolA Is a
Transcriptional Switch That Turns off Motility and Turns on Biofilm Development. MBio

2015, 6, 1-13.

Oder, M.; Arli¢, M.; Bohinc, K.; Fink, R. Escherichia Coli Biofilm Formation and
Dispersion under Hydrodynamic Conditions on Metal Surfaces. Int. J. Environ. Health

Res. 2018, 28, 55-63.

Kostakioti, M.; Hadjifrangiskou, M.; Hultgren, S.J. Bacterial Biofilms: Development,

244



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Dispersal, and Therapeutic Strategies in the Dawn of the Postantibiotic Era. Cold Spring
Harb. Perspect. Med. 2013, 3, 1-23.

Palmer, J.; Flint, S.; Brooks, J. Bacterial Cell Attachment, the Beginning of a Biofilm. J.

Ind. Microbiol. Biotechnol. 2007, 34, 577-588.

Marshall, K.C. Adsorption and Adhesion Processes in Microbial Growth at Interfaces.

Adv. Colloid Interface Sci. 1986, 25, 59-86.

Verwey, E. Theory of the Stability of Lyphobic Colloids. J. Phys. Chem. 1947, 51, 631—
636.

Derjaguin, B.; Landau, L. Theory of the Stability of Strongly Charged Lyophobic Sols and
of the Adhesion of Strongly Charged Particles in Solutions of Electrolytes. Prog. Surf.
Sci. 1993, 43, 30-59.

Poortinga, A.T.; Bos, R.; Norde, W.; Busscher, H.J. Electric Double Layer Interactions in

Bacterial Adhesion to Surfaces; 2002; Vol. 47;.

Chia, T.W.R.; Nguyen, V.T.; McMeekin, T.; Fegan, N.; Dykes, G.A. Stochasticity of
Bacterial Attachment and Its Predictability by the Extended Derjaguin-Landau-Verwey-
Overbeek Theory. Appl. Environ. Microbiol. 2011, 77, 3757-3764.

Roosjen, A.; Busscher, H.J.; Norde, W.; Van der Mei, H.C. Bacterial Factors Influencing
Adhesion of Pseudomonas Aeruginosa Strains to a Poly(Ethylene Oxide) Brush.

Microbiology 2006, 152, 2673—-2682.

Su, P.T.; Liao, C.T.; Roan, J.R.; Wang, S.H.; Chiou, A.; Syu, W.J. Bacterial Colony from

Two-Dimensional Division to Three-Dimensional Development. PLoS One 2012, 7, 1-10.

You, Z.; Pearce, D.J.G.; Sengupta, A.; Giomi, L. Mono-to Multilayer Transition in

Growing Bacterial Colonies. Phys. Rev. Lett. 2019, 123.

Kolenbrander, P.E.; Palmer, R.J.; Periasamy, S.; Jakubovics, N.S. Oral Multispecies

Biofilm Development and the Key Role of Cell-Cell Distance. Nat. Publ. Gr. 2010, 8, 471.

Kolenbrander, P.E.; Andersen, R.N.; Moore, L.V.H. Coaggregation of Fusobacterium
Nucleatum, Selenomonas Flueggei, Selenomonas Infelix, Selenomonas Noxia, and
Selenomonas Sputigena with Strains from 11 Genera of Oral Bacteria. Infect. Immun.

1989, 57, 3194-3203.
Lens, P.; Moran, A.P.; Mahony, T.; Stoodley, P.; O’Flaherty, V. Biofilms in Medicine,

245



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Industry and Environmental Biotechnology; IWA Publishing: Kent, 2003;

Sutherland, I.W. Biofilm Exopolysaccharides : A Strong and Sticky Framework.

Microbiology 2001, 147, 3-9.

Kannan, M.; Rajarathinam, K.; Venkatesan, S.; Dheeba, B.; Maniraj, A. Silver lodide
Nanoparticles as an Antibiofilm Agent-A Case Study on Gram-Negative Biofilm-Forming
Bacteria. In Nanostructures for Antimicrobial Therapy: Nanostructures in Therapeutic

Medicine Series; Elsevier Inc., 2017; pp. 435-456.

Ghafoor, A.; Hay, I.D.; Rehm, B.H.A. Role of Exopolysaccharides in Pseudomonas
Aeruginosa Biofilm Formation and Architecture. Appl. Environ. Microbiol. 2011, 77,

5238-5246.

Thomas, N.R.; Lawrence, J.R. Extracellular Polymeric Substances in Microbial Biofilms.
In Microbial Glycobiology; Moran, A.P., Holst, O., Brennan, P.J., Itzsein, M. V., Eds.;
Elsevier In.: London, 2010; pp. 735-758.

Roy, R.; Tiwari, M.; Donelli, G.; Tiwari, V. Strategies for Combating Bacterial Biofilms: A
Focus on Anti-Biofilm Agents and Their Mechanisms of Action. Virulence 2018, 9, 522—
554,

Kaplan, J.B. Biofilm Dispersal: Mechanisms, Clinical Implications, and Potential

Therapeutic Uses. J. Dent. Res. 2010, 89, 205-218.

Fux, C.A.; Wilson, S.; Stoodley, P. Detachment Characteristics and Oxacillin Resistance
of Staphyloccocus Aureus Biofilm Emboli in an in Vitro Catheter Infection Model. J.

Bacteriol. 2004, 186, 4486—4491.

Wilson, S.; Hamilton, M.A.; Hamilton, G.C.; Schumann, M.R.; Stoodley, P. Statistical
Quantification of Detachment Rates and Size Distributions of Cell Clumps from Wild-
Type (PAO1) and Cell Signaling Mutant (JP1) Pseudomonas Aeruginosa Biofilms. Appl.
Environ. Microbiol. 2004, 70, 5847-5852.

Prakash, B.; Veeregowda, B.M.; Krishnappa, G. Biofilms: A Survival Strategy of Bacteria.
Curr. Sci. 2003, 85, 1299-1307.

Kimkes, T.E.P.; Heinemann, M. How Bacteria Recognise and Respond to Surface

Contact. FEMS Microbiol. Rev. 2020, 029, 106—-122.

Otto, K.; Silhavy, T.J. Surface Sensing and Adhesion of Escherichia Coli Controlled by the

246



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Cpx-Signaling Pathway. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 2287-2292.

Berne, C.; Ellison, C.K.; Ducret, A.; Brun, Y. V. Bacterial Adhesion at the Single-Cell Level.
Nat. Rev. Microbiol. 2018, 16, 616-627.

Oliveira, N.M.; Foster, K.R.; Durham, W.M. Single-Cell Twitching Chemotaxis in
Developing Biofilms. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 6532—-6537.

Budrene, E.O.; Berg, H.C. Dynamics of Formation of Symmetrical Patterns By

Chemotactic Bacteria. Nature 1995, 376, 49-53.

Aurell, C.A.; Wistrom, A.O. Critical Aggregation Concentrations of Gram-Negative
Bacterial Lipopolysaccharides (LPS). Biochem. Biophys. Res. Commun. 1998, 253, 119—
123.

Morrison, D.C.; Ryan, J.L. Endotoxins and Disease Mechanisms. Ann. Rev. Med. 1987,
38, 417-432.

Walker, S.L.; Redman, J.A.; Elimelech, M. Role of Cell Surface Lipopolysaccharides in
Escherichia Coli K12 Adhesion and Transport. Langmuir 2004, 20, 7736-7746.

Shiro, H.; Muller, E.; Gutierrez, N.; Boisot, S.; Grout, M.; Tosteson, T.D.; Goldmann, D.;
Pier, G.B. Transposon Mutants of Staphylococcus Epidermidls Deficient in Elaboration
of Capsular Polysaccharide/Adhesin and Slime Are Avirulent in a Rabbit Model of
Endocarditis. J. Infect. Dis. 1994, 169, 1042—1051.

Lee, K.J.; Lee, M.A.; Hwang, W.; Park, H.; Lee, K.H. Deacylated Lipopolysaccharides
Inhibit Biofilm Formation by Gram-Negative Bacteria. Biofouling 2016, 32, 711-723.

Yang, J.; Bos, R.; Belder, G.F.; Engel, J.; Busscher, H.J. Deposition of Oral Bacteria and
Polystyrene Particles to Quartz and Dental Enamel in a Parallel Plate and Stagnation

Point Flow Chamber. J. Colloid Interface Sci. 1999, 220, 410-418.

Secchi, E.; Vitale, A.; Mifo, G.L.; Stocker, R.; Kantsler, V.; Eberl, L. The Effect of Flow on
Swimming Bacteria Controls the Initial Coloziation of Curved Surfaces. Nat. Commun.

2020, 1-12.

Park, S.; Wolanin, P.M.; Yuzbashyan, E.A.; Lin, H.; Darnton, N.C.; Stock, J.B.; Silberzan,
P.; Austin, R. Influence of Topology on Bacterial Social Interaction. Proc. Natl. Acad. Sci.

U. S. A. 2003, 100, 13910-13915.
Friedlander, R.S.; Vlamakis, H.; Kim, P.; Khan, M.; Kolter, R.; Aizenberg, J. Bacterial

247



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Flagella Explore Microscale Hummocks and Hollows to Increase Adhesion. Proc. Natl.

Acad. Sci. U. S. A. 2013, 110, 5624-5629.

MacKintosh, E.E.; Patel, J.E.; Marchant, R.E.; Anderson, J.M. Effects of Biomaterial
Surface Chemistry on the Adhesion and Biofilm Formation of Staphylococcus Epidermis

in Vitro. J. Biomed. Mater. Res. Part A 2006, 78A, 836—842.

Alam, F.; Balani, K. Adhesion Force of Staphylococcus Aureus on Various Biomaterial

Surfaces. J. Mech. Behav. Biomed. Mater. 2017, 65, 872—880.

Ren, Y.; Wang, C.; Chen, Z.; Allan, E.; van der Mei, H.C.; Busscher, H.J. Emergent
Heterogenous Microenvironments in Biofilms Substratum Surface Heterogeneity. FEMS

Microbiol. Rev. 2018, 42, 259-272.

Rudawska, A.; Jacniacka, E. Analysis for Determining Surface Free Energy Uncertainty

by the Owen-Wendt Method. Int. J. Adhes. Adhes. 2009, 29, 451-457.

Dai, X.; Boll, J.; Hayes, M.E.; Aston, D.E. Adhesion of Cryptosporidium Parvum and
Giardia Lamblia to Solid Surfaces: The Role of Surface Charge and Hydrophobicity.
Colloids Surfaces B Biointerfaces 2004, 34, 259-263.

Privett, B.J.; Youn, J.; Hong, S.A.; Lee, J.; Han, J.; Shin, J.H.; Schoenfisch, M.H.
Antibacterial Fluorinated Silica Colloid Superhydrophobic Surfaces. Langmuir 2011, 27,
9597-9601.

Parkar, S.G.; Flint, S.H.; Palmer, J.S.; Brooks, J.D. Factors Influencing Attachment of
Thermophilic Bacilli to Stainless Steel. J. Appl. Microbiol. 2001, 90, 901-908.

Jain, A.; Nishad, K.K.; Bhosle, N.B. Effects of DNP on the Cell Surface Properties of
Marine Bacteria and Its Implication for Adhesion to Surfaces. Biofouling 2007, 23, 171—
177.

Jain, A.; Bhosle, N.B. Biochemical Composition of the Marine Conditioning Film:

Implications for Bacterial Adhesion. Biofouling 2009, 25, 13-19.

Lorite, G.S.; Rodrigues, C.M.; de Souza, A.A.; Kranz, C.; Mizaikoff, B.; Cotta, M.A. The
Role of Conditioning Film Formation and Surface Chemical Changes on Xylella

Fastidiosa Adhesion and Biofilm Evolution. J. Colloid Interface Sci. 2011, 359, 289—-295.

Verran, J.; Whitehead, K.A. Assessment of Organic Materials and Microbial

Components on Hygienic Surfaces. Food Bioprod. Process. 2006, 84, 260-264.

248



111. Jefferson, K.K. What Drives Bacteria to Produce a Biofilm? FEMS Microbiol. Lett. 2004,
236, 163-173.

112. Ryu, J.H.; Beuchat, L.R. Biofilm Formation by Escherichia Coli 0157:H7 on Stainless
Steel: Effect of Exopolysaccharide and Curli Production on Its Resistance to Chlorine.

Appl. Environ. Microbiol. 2005, 71, 247-254.

113. Dewanti, R.; Wong, A.C.L. Influence of Culture Conditions on Biofilm Formation by

Escherichia Coli 0157:H7. Int. J. Food Microbiol. 1995, 26, 147-164.

114. Genevaux, P.; Muller, S.; Bauda, P. A Rapid Screening Procedure to Identify Mini-Tn10
Insertion Mutants of Escherichia Coli K-12 with Altered Adhesion Properties. FEMS
Microbiol. Lett. 1996, 142, 27-30.

115. Vidal, O.; Longin, R.; Prigent-Combaret, C.; Dorel, C.; Hooreman, M.; Lejeune, P.
Isolation of an Escherichia Coli K-12 Mutant Strain Able to Form Biofilms on Inert
Surfaces: Involvement of a New OmpR Allele That Increases Curli Expression. J.

Bacteriol. 1998, 180, 2442-2449.

116. Pratt, L.A.; Kolter, R. Genetic Analysis of Escherichia Coli Biofilm Formation: Roles of

Flagella, Motility, Chemotaxis and Type | Pili. Mol. Microbiol. 1998, 30, 285—-293.

117. Stoodley, P.; Dodds, I.; Boyle, J.D.; Lappin-Scott, H.M. Influence of Hydrodynamics and
Nutrients on Biofilm Structure. J. Appl. Microbiol. Symp. Suppl. 1999, 85, 19-28.

118. Pringle, J.H.; Fletcher, M. Influence of Substratum Hydration and Adsorbed
Macromolecules on Bacterial Attachment to Surfaces. Appl. Environ. Microbiol. 1986,

51,1321-1325.

119. Palmer, R.J.; Caldwell, D.E. A Flowcell for the Study of Plague Removal and Regrowth. J.
Microbiol. Methods 1995, 24, 171-182.

120. D’Urzo, N.; Martinelli, M.; Pezzicoli, A.; De Cesare, V.; Pinto, V.; Margarit, |.; Telford,
J.L.; Maione, D.; Melin, P.; Decheva, A.; et al. Acidic PH Strongly Enhances in Vitro
Biofilm Formation by a Subset of Hypervirulent ST-17 Streptococcus Agalactiae Strains.

Appl. Environ. Microbiol. 2014, 80, 2176-2185.

121. Ahn, S.J.; Burne, R.A. Effects of Oxygen on Biofilm Formation and the AtlA Autolysin of
Streptococcus Mutans. J. Bacteriol. 2007, 189, 6293—-6302.

122. Davies, D.G.; Geesey, G.G. Regulation of the Alginate Biosynthesis Gene AlgC in

249



Pseudomonas Aeruginosa during Biofilm Development in Continuous Culture. Appl.

Environ. Microbiol. 1995, 61, 860—-867.

123. Stewart, P.S.; Franklin, M.J. Physiological Heterogeneity in Biofilms. Nat. Rev. Microbiol.
2008, 6, 199-210.

124. Beebout, C.J.; Eberly, A.R.; Werby, S.H.; Reasoner, S.A.; Brannon, J.R.; De, S.; Fitzgerald,
M.J.; Huggins, M.M.; Clayton, D.B.; Cegelski, L.; et al. Respiratory Heterogeneity Shapes
Biofilm Formation and Host Colonization in Uropathogenic Escherichia Coli. bioRxiv

2018, 10, 1-16.

125. Beitelshees, M.; Hill, A.; Jones, C.H.; Pfeifer, B.A. Phenotypic Variation during Biofilm
Formation: Implications for Anti-Biofilm Therapeutic Design. Materials (Basel). 2018,

11.

126. Wood, T.K.; Knabel, S.J.; Kwan, B.W. Bacterial Persister Cell Formation and Dormancy.

Appl. Environ. Microbiol. 2013, 79, 7116-7121.

127. Flemming, H.-C.; Geesey, G.G. Biofouling and Biocorrosion in Industrial Water Systems;

Springer-Verlag Berlin Heidelberg, 1991;

128. Frantamico, P.M.; Annous, B.A.; Nereus, G.W. Biofilms in the Food and Beverage

Industries; Elsevier Science: Cambridge, 2009;

129. Dunne, W.M. Bacterial Adhesion: Seen Any Good Biofilms Lately? Clin. Microbiol. Rev.
2002, 15, 155-166.

130. Abdallah, M.; Benoliel, C.; Drider, D.; Dhulster, P.; Chihib, N.E. Biofilm Formation and
Persistence on Abiotic Surfaces in the Context of Food and Medical Environments.

Arch. Microbiol. 2014, 196, 453-472.

131. Chaves Simdes, L.; Simdes, M. Biofilms in Drinking Water: Problems and Solutions. RSC

Adv. 2013, 3, 2520-2533.

132. Donlan, R.M. Biofilms: Microbial Life on Surfaces. An. la Real Acad. Nac. Farm. 2002, 8,
881-890.

133. Huggett, M.J.; Nedved, B.T.; Hadfield, M.G. Effects of Initial Surface Wettability on
Biofilm Formation and Subsequent Settlement of Hydroides Elegans. Biofouling 2009,
25,387-399.

134. Watnick, P.l.; Fullner, K.J.; Kolter, R. A Role for the Mannose-Sensitive Hemagglutinin in

250



135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

Biofilm Formation by Vibrio Cholerae El Tor. J. Bacteriol. 1999, 181, 3606—3609.

Bjarnsholt, T.; Ciofu, O.; Molin, S.; Michael Giv Applying Insights from Biofilm Biology to
Drug Development - Can a New Approach Be Developed? Nat. Rev. 2013, 12, 791-808.

Ma, Y.; Xu, Y.; Yestrepsky, B.D.; Sorenson, R.J.; Chen, M.; Larsen, S.D.; Sun, H. Novel
Inhibitiors of Staphylococcus Aureus Virulence Gene Expression and Biofilm Formation.

PLoS One 2012, 7, 1-10.

Pérez-Giraldo, C.; Rodriguez-Benito, A.; Moran, F.J.; Hurtado, C.; Blanco, M.T.; Gdmez-
Garcia, A.C. Influence of N-Acetylcysteine on the Formation of Biofilms by

Staphylococcus Epidermis. J. Antimicrob. Chemother. 1997, 39, 643—646.

Kulakov, L.A.; McAlister, M.B.; Ogden, K.L.; Larkin, M.J.; O’Hanlon, J.F. Analysis of
Bacteria Contaminating Ultrapure Water in Industrial Systems. Appl. Environ. Microbiol.

2002, 68, 1548-1555.

Proctor, C.R.; Edwards, M.A.; Pruden, A. Microbial Composition of Purified Waters and
Implications for Regrowth Control in Municipal Water Systems. Environ. Sci. Water Res.

Technol. 2015, 1, 882-892.

Hentzer, M.; Riedel, K.; Rasmussen, T.B.; Heydorn, A.; Andersen, J.B.; Parsek, M.R.;
Rice, S.A.; Eberl, L.; Molin, S.; Hgiby, N.; et al. Inhibition of Quorum Sensing in
Pseudomonas Aeruginosa Biofilm Bacteria by a Halogenated Furanone Compound.

Microbiology 2002, 148, 87—-102.

Kim, M.K.; Ingremeau, F.; Zhao, A.; Bassler, B.L.; Stone, H.A. Local and Global

Consequences of Flow on Bacterial Quorum Sensing. Nat. Microbiol. 2016, 1, 1-12.

Zimmermann, S.; Klinger-Strobel, M.; Rédel, J.; Pletz, M.W.; Loffler, B.; Tuchscherr, L.
Clinically Approved Drugs Inhibit the Staphylococcus Aereus Multidrug NorA Efflux
Pump and Reduce Biofilm Formation. Front. Microbiol. 2019, 10, 1-13.

Banin, E.; Brady, K.M.; Greenberg, E.P. Chelator-Induced Dispersal and Killing of
Pseudomonas Aeruginosa Cells in a Biofilm. Appl. Environ. Microbiol. 2006, 72, 2064—
2069.

Barraud, N.; Hassett, D.J.; Hwang, S.-H.; Rice, S.A.; Kjelleberg, S.; Webb, J.S.
Involvement of Nitric Oxide in Biofilm Dispersal of Pseudomonas Aeruginosa. J.

Bacteriol. 2006, 188, 7344—7353.

251



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Boyd, A.; Chakrabarty, A.M. Role of Alginate Lyase in Cell Detachment of Pseudomonas
Aeruginosa. Appl. Environ. Microbiol. 1994, 60, 2355—-2359.

Applegate, D.H.; Bryers, J.D. Effects of Carbon and Oxygen Limitations and Calcium

Concentrations on Biofilm Removal Processes. Biotechnol. Bioeng. 1991, 37, 17-25.

Mott, I.E.C.; Stickler, D.J.; Coakley, W.T.; Bott, T.R. The Removal of Bacterial Biofilm
from Water-Filled Tubes Using Axially Propagated Ultrasound. J. Appl. Microbiol. 1998,
84,509-514.

Kato, K.; Tamura, K.; Nakagaki, H. Quantitative Evaluation of the Oral Biofilm-Removing
Capacity of a Dental Water Jet Using an Electron-Probe Microanalyzer. Arch. Oral Biol.

2012, 57, 30-35.

Meyer, B. Approaches to Prevention, Removal and Killing of Biofilms. Int. Biodeterior.

Biodegrad. 2003, 51, 249-253.

Dosti, B.; Guzel-Seydim, Z.; Greene, A.K. Effectiveness of Ozone, Heat and Chlorine for
Destroying Common Food Spoilage Bacteria in Synthetic Media and Biofilms. Int. J.

Dairy Technol. 2005, 58, 19-24.

Fagerlund, A.; Mgretrg, T.; Heir, E.; Briandet, R.; Langsruda, S. Cleaning and
Disinfection of Biofilms Composed of Listeria Monocytogenes and Background

Microbiota from Meat Processing Surfaces. Appl. Environ. Microbiol. 2017, 83.

Maillard, J.Y. Bacterial Target Sites for Biocide Action. In Proceedings of the Journal of

Applied Microbiology Symposium Supplement; 2002; Vol. 92.

Guidelines for Drinking-Water Quality; 3rd ed.; World Health Organization: Geneva,
2008;

Liu, L.; Le, Y.; Jin, J.; Zhou, Y.; Chen, G. Chlorine Stress Mediates Microbial Surface
Attachment in Drinking Water Systems. Appl. Microbiol. Biotechnol. 2015, 99, 2861—
2869.

Blanchard, A.P.; Bird, M.R.; Wright, S.J.L. Peroxygen Disinfection of Pseudomonas
Aeruginosa Biofilms on Stainless Steel Discs. Biofouling 1998, 13, 233-253.

Blemkispop, S.A.; Khoury, A.E.; Costerton, J.W. Electrical Enhancement of Biocide
Efficacy against Pseudomonas Aeruginosa Biofilms. Appl. Environ. Microbiol. 1992, 58,

3770-3773.

252



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Ivanova, E.P.; Crawford, R.J. Antibacterial Surfaces; Springer International Publishing:

Hawthorn, 2015;

Francolini, I.; Vuotto, C.; Piozzi, A.; Donelli, G. Antifouling and Antimicrobial

Biomaterials: An Overview. Apmis 2017, 125, 392—-417.

Wischerhoff, E.; Badi, N.; Laschewsky, A.; Lutz, J.-F. Smart Polymer Surfaces: Concepts
and Applications in Biosciences. In Bioactive Surfaces; Springer-Verlag: Berlin, 2010; pp.

1-33.

Tashiro, T. Antibacterial and Bacterium Adsorbing Macromolecules. Macromol. Mater.

Eng. 2001, 286, 63—87.

Cornell, R.J.; Donaruma, L.G. Poly-2-Methacryloxytropone. A Synthetic Biologically
Active Polymer. J. Polym. Sci. Part A Gen. Pap. 1965, 3, 827—-828.

Panarin, E.F.; Solovskii, M. V; Kzemplyarov, O.N. Synthesis and Antimicrobial Properties
of Polymers Containing Quaternary Ammonium Groups. Pharm. Chem. J. 1971, 5, 24—

26.

“wi

Riva, R.L.; Lussis, P.; Lenoir, S.; Jé, C.; Jé, R.; Lecomte, P. Contribution of “‘click

17

Chemistry’” to the Synthesis of Antimicrobial Aliphatic Copolyester. Polymer. 2008, 49,

2023-2028.

Li, Z.; Lee, D.; Sheng, X.; Cohen, R.E.; Rubner, M.F. Two-Level Antibacterial Coating with
Both Release-Killing and Contact-Killing Capabilities. Langmuir 2006, 22, 980-9823.

El-Newehy, M.H.; Kenawy, E.R.; Al-Deyab, S.S. Biocidal Polymers: Preparation and
Antimicrobial Assessment of Immobilized Onium Salts onto Modified Chitosan. Int. J.

Polym. Mater. Polym. Biomater. 2014, 63, 758—766.

Zhao, J.; Ma, L.; Millians, W.; Wu, T.; Ming, W. Dual-Functional
Antifogging/Antimicrobial Polymer Coating. ACS Appl. Mater. Interfaces 2016, 8, 8737—
8742.

Elbourne, A.; Truong, V.K.; Cheeseman, S.; Rajapaksha, P.; Gangadoo, S.; Chapman, J.;
Crawford, R.J. The Use of Nanomaterials for the Mitigation of Pathogenic Biofilm

Formation. In Methods in Microbiology; Elsevier Ltd., 2019; Vol. 46, pp. 61-92.

Cheng, G.; Xue, H.; Zhang, Z.; Chen, S.; Jiang, S. A Switchable Biocompatible Polymer
Surface with Self-Sterilizing and Nonfouling Capabilities. Angew. Chemie - Int. Ed. 2008,

253



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

47,8831-8834.

Dizman, B.; Elasri, M.O.; Mathias, L.J. Synthesis, Characterization, and Antibacterial
Activities of Novel Methacrylate Polymers Containing Norfloxacin. Biomacromolecules

2005, 6, 514-520.

Zhang, L. yu; Fang, Z. hui; Li, Q. li; Cao, C.Y. A Tooth-Binding Antimicrobial Peptide to
Prevent the Formation of Dental Biofilm. J. Mater. Sci. Mater. Med. 2019, 30, 1-9.

Zeng, W.; Huang, Y.; Xia, A.; Liao, Q.; Chen, K.; Zhu, X.; Zhu, X. Thermoresponsive
Surfaces Grafted by Shrinkable Hydrogel Poly(N-Isopropylacrylamide) for Controlling
Microalgae Cells Adhesion during Biofilm Cultivation. Environ. Sci. Technol. 2021, 55,

1178-1189.

Yu, Q.; Cho, J.; Shivapooja, P.; Ista, L.K.; Lopezlépez, G.P. Nanopatterned Smart Polymer
Surfaces for Controlled Attachment, Killing, and Release of Bacteria. ACS Appl. Mater.
Interfaces 2013, 5, 9295-9304.

Hoque, J.; Ghosh, S.; Paramanandham, K.; Haldar, J. Charge-Switchable Polymeric
Coating Kills Bacteria and Prevents Biofilm Formation in Vivo. ACS Appl. Mater.

Interfaces 2019, 11, 39150-39162.

Lockhart, J.N.; Spoonmore, T.J.; McCurdy, M.W.; Rogers, B.R.; Guelcher, S.A.; Harth, E.
Poly(Glycidol) Coating on Ultrahigh Molecular Weight Polyethylene for Reduced Biofilm
Growth. ACS Appl. Mater. Interfaces 2018, 10, 4050-4056.

Camo Noguer, A.; Mgller Olsen, S.; Hvilsted, S.; Kiil, S. Long-Term Stability of PEG-Based
Antifouling Surfaces in Seawater. J. Coat. Technol. Res. 2016, 13, 567-575.

Junter, G.A.; Thébault, P.; Lebrun, L. Polysaccharide-Based Antibiofilm Surfaces. Acta
Biomater. 2016, 30, 13-25.

Morra, M.; Cassineli, C. Non-Fouling Properties of Polysaccharide-Coated Surfaces. J.

Biomater. Sci. Polym. Ed. 1999, 10, 1107-1124.

Synowiecki, J.; Al-Khateeb, N.A. Production, Properties, and Some New Applications of

Chitin and Its Derivatives. Crit. Rev. Food Sci. Nutr. 2003, 43, 145-171.

Chatelet, C.; Damour, O.; Domard, A. Influence of the Degree of Acetylation on Some

Biological Properties of Chitosan Films. Biomaterials 2001, 22, 261-268.
Khan, F.; Pham, D.T.N.; Oloketuyi, S.F.; Manivasagan, P.; Oh, J.; Kim, Y.M. Chitosan and

254



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Their Derivatives: Antibiofilm Drugs against Pathogenic Bacteria. Colloids Surfaces B

Biointerfaces 2020, 185, 110627.

Mufios-Bonilla, A.; Cerrada, M.L.; Fernandez-Garcia, M. Polymeric Materials with
Antimicrobial Activity from Synthesis to Applcications; Royal Society of Chemistry:
Cambridge, 2013;

Garcia, L.G.S.; Guedes, G.M. de M.; da Silva, M.L.Q.; Castelo-Branco, D.S.C.M.; Sidrim,
J.J.C.; Cordeiro, R. de A.; Rocha, M.F.G.; Vieira, R.S.; Brilhante, R.S.N. Effect of the
Molecular Weight of Chitosan on Its Antifungal Activity against Candida Spp. in
Planktonic Cells and Biofilm. Carbohydr. Polym. 2018, 195, 662—669.

Tong, L.; Jiao, R.; Zhang, X.; Ou, D.; Wang, Y.; Zhang, J.; Wu, Q.; Ye, Y. Inhibitory Effects
of Chitosan on Cronobacter Malonaticus Cells and Biofilm Formation. Lwt 2018, 97,

302-307.

Jangid, N.K.; Hada, D.; Rathore, K. Chitosan as an Emerging Object for Biological and
Biomedical Applications. J. Polym. Eng. 2019, 39, 689—-703.

Goy, R.C.; De Britto, D.; Assis, O.B.G. A Review of the Antimicrobial Activity of Chitosan.
Polimeros 2009, 19, 241-247.

Chung, Y.C.; Chen, C.Y. Antibacterial Characteristics and Activity of Acid-Soluble
Chitosan. Bioresour. Technol. 2008, 99, 2806-2814.

Ragiel-Futyra, A.; skiewicz, M.K.-L.; Sebastian, V.; Irusta, S.; Arruebo, M.; Kyziot, A.;
Stochel, G. zyna Development of Noncytotoxic Silver—Chitosan Nanocomposites for

Efficient Control of Biofilmforming Microbes. RSC Adv. 2017, 7, 52398-52413.

Zhang, X.; Zhang, Z.; Wu, W.; Yang, J.; Yang, Q. Preparation and Characterization of
Chitosan/Nano-ZnO Composite Film with Antimicrobial Activity. Bioprocess Biosyst.

Eng. 2021, 1-7.

Borkow, G.; Gabbay, J. Copper, An Ancient Remedy Returning to Fight Microbial,
Fungal and Viral Infections. Curr. Chem. Biol. 2009, 3, 272—-278.

Alexander, J.W. History of the Medical Use of Silver. Surg. Infect. 2009, 10, 289-292.

Lemire, J.A.; Harrison, J.J.; Turner, R.J. Antimicrobial Activity of Metals: Mechanisms,

Molecular Targets and Applications. Nat. Publ. Gr. 2013, 11, 371-384.
Baker, T.J.; Tyler, C.R.; Galloway, T.S. Impacts of Metal and Metal Oxide Nanoparticles

255



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

on Marine Organisms. Environ. Pollut. 2014, 186, 257-271.

Shkodenko, L.; Kassirov, I.; Koshel, E. Metal Oxide Nanoparticles against Bacterial

Biofilms: Perspectives and Limitations. Microorganisms 2020, 8, 1-21.

Stankic, S.; Suman, S.; Haque, F.; Vidic, J. Pure and Multi Metal Oxide Nanoparticles:

Synthesis, Antibacterial and Cytotoxic Properties. J. Nanobiotechnology 2016, 14, 1-20.

Henry, J.; Mohanraj, K.; Sivakumar, G.; Umamaheswari, S. Electrochemical and
Fluorescence Properties of SnO2 Thin Films and Its Antibacterial Activity. Spectrochim.

Acta Part A Mol. Biomol. Spectrosc. 2015, 143, 172-178.

Azam, A.; Ahmed, A.S.; Oves, M.; Khan, M.S.; Habib, S.S.; Memic, A. Antimicrobial
Activity of Metal Oxide Nanoparticles against Gram-Positive and Gram-Negative

Bacteria: A Comparative Study. Int. J. Nanomedicine 2012, 7, 6003—6009.

Abdulkareem, E.H.; Memarzadeh, K.; Allaker, R.P.; Huang, J.; Pratten, J.; Spratt, D. Anti-
Biofilm Activity of Zinc Oxide and Hydroxyapatite Nanoparticles as Dental Implant

Coating Materials. J. Dent. 2015, 43, 1462—-1469.

Rasmi, K.R.; Vanithakumari, S.C.; George, R.P.; Kamachi Mudali, U. Active Nano Metal
Oxide Coating for Bio-Fouling Resistance. Trans Indian Inst Met 2018, 71, 1323-1329.

Noimark, S.; Weiner, J.; Noor, N.; Allan, E.; Williams, C.K.; Shaffer, M.S.P.; Parkin, I.P.
Dual-Mechanism Antimicrobial Polymer-ZnO Nanoparticle and Crystal Violet-

Encapsulated Silicone. Adv. Funct. Mater. 2015, 25, 1367-1373.

Sehmi, S.K.; Noimark, S.; Pike, S.D.; Bear, J.C.; Peveler, W.J.; Williams, C.K.; Shaffer,
M.S.P.; Allan, E.; Parkin, I.P.; MacRobert, A.J. Enhancing the Antibacterial Activity of
Light-Activated Surfaces Containing Crystal Violet and ZnO Nanoparticles: Investigation

of Nanoparticle Size, Capping Ligand, and Dopants. ACS Omega 2016, 1, 334—-343.

André, R.; Natalio, F.; Tahir, M.N.; Berger, R.; Tremel, W. Self-Cleaning Antimicrobial
Surfaces by Bio-Enabled Growth of SnO2 Coatings on Glass. Nanoscale 2013, 5, 3447—-
3456.

Amininezhad, S.M.; Rezvani, A.; Amouheidari, M.; Amininejad, S.M.; Rakhshani, S. The
Antibacterial Activity of SnO2 Nanoparticles against Escherichia Coli and

Staphylococcus Aureus. Zahedan J. Res. Med. Sci. 2015, 17, 29-33.

Vidhu, V.K.; Philip, D. Biogenic Synthesis of SnO2 Nanoparticles: Evaluation of

256



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Antibacterial and Antioxidant Activities. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2015, 134, 372-379.

Kumar Nair, K.; Kumar, P.; Kumar, V.; Harris, R.A.; Kroon, R.E.; Viljoen, B.; Shumbula,
P.M.; Mlambo, M.; Swart, H.C. Synthesis and Evaluation of Optical and Antimicrobial
Properties of Ag-SnO 2 Nanocomposites. Phys. B Condens. Matter 2018, 535, 338-343.

Diez-Pascual, A.M.; Diez-Vicente, A.L. Antibacterial SnO2 Nanorods as Efficient Fillers of
Poly(Propylene Fumarate- Co -Ethylene Glycol) Biomaterials. Mater. Sci. Eng. C 2017,
78, 806—-816.

Chavez Calderon, A.; Paraguay-Delgado, F.; Orrantia-Borunda, E.; Luna-Velasco, A. Size
Effect of SNnO2 Nanoparticles on Bacteria Toxicity and Their Membrane Damage.

Chemosphere 2016, 165, 33—40.

Talebian, N.; Nilforoushan, M.R.; Zargar, E.B. Enhanced Antibacterial Performance of
Hybrid Semiconductor Nanomaterials: ZnO/Sn0O2 Nanocomposite Thin Films. Appl.

Surf. Sci. 2011, 258, 547-555.

Agua Metrology Systems Harnesses the Power of Tin to Address a Broad Range of
Waterborne and Airborne Contaminants Available online:
https://www.wateronline.com/doc/aqua-metrology-systems-harnesses-the-power-of-

tin-to-address-a-broad-range-0001.

SafeGuard™ H20 Intelligent Water Treatment System Available online:

http://www.aquametrologysystems.com/treat/ (accessed on 31 March 2021).

Thomas, V.; Yallapu, M.M.; Sreedhar, B.; Bajpai, S.K. A Versatile Strategy to Fabricate
Hydrogel-Silver Nanocomposites and Investigation of Their Antimicrobial Activity. J.

Colloid Interface Sci. 2007, 315, 389—395.

Rivero, P.J.; Urrutia, A.; Goicoechea, J.; Zamarrefio, C.R.; Arregui, F.J.; Matias, I.R. An
Antibacterial Coating Based on a Polymer/Sol- Gel Hybrid Matrix Loaded with Silver

Nanoparticles. Nanoscale Res. Lett. 2011, 6, 1-7.

Aymonier, C.; Schlotterbeck, U.; Antonietti, L.; Zacharias, P.; Thomann, R.; Tiller, J.C,;
Mecking, S. Hybrids of Silver Nanoparticles with Amphiphilic Hyperbranched
Macromolecules Exhibiting Antimicrobial Properties. Chem. Commun. 2002, 3018—

3019.

Morones-Ramirez, J.R.; Winkler, J.A.; Spina, C.S.; Collins, J.J. Silver Enhances Antibiotic

257



Activity against Gram-Negative Bacteria. Sci Transl Med. 2013, 5, 1-7.

214. Lin, X.; Li, J.; Ma, S.; Liu, G.; Yang, K.; Tong, M.; Lin, D. Toxicity of TiO2 Nanoparticles to
Escherichia Coli: Effects of Particle Size, Crystal Phase and Water Chemistry. PLoS One
2014, 9, 1-8.

215. Suresh, A.K.; Pelletier, D.A.; Doktycz, M.J. Relating Nanomaterial Properties and
Microbial Toxicity. Nanoscale 2013, 5, 463—474.

216. Brayner, R.; Ferrari-lliou, R.; Brivois, N.; Djediat, S.; Benedetti, M.F.; Fiévet, F.
Toxicological Impact Studies Based on Escherichia Coli Bacteria in Ultrafine ZnO

Nanoparticles Colloidal Medium. Nano Lett. 2006, 6, 866—870.

217. Yoon, K.Y.; Hoon Byeon, J.; Park, J.H.; Hwang, J. Susceptibility Constants of Escherichia
Coli and Bacillus Subtilis to Silver and Copper Nanoparticles. Sci. Total Environ. 2007,

373, 572-575.

218. Page, K.; Palgrave, R.G.; Parkin, I.P.; Wilson, M.; Savin, S.L.P.; Chadwick, A. V Titania and
Silver-Titania Composite Films on Glass-Potent Antimicrobial Coatings. J. Mater. Chem.

2006, 17, 95-104.

219. Feng, Q.L.; Wu, J.; Ciu, F.Z.; Kim, T.N.; Kim, J.0. A Mechanistic Study of the Antibacterial
Effect of Silver lons on Escherichia Coli and Staphylococcus Aureus. J. Miomedical

Mater. 2000, 52, 662—-668.

220. Slavin, Y.N.; Asnis, J.; Hafeli, U.O.; Bach, H. Metal Nanoparticles: Understanding the
Mechanisms behind Antibacterial Activity. J. Nanobiotechnology 2017, 15, 1-20.

221. Sonohara, R.; Muramatsu, N.; Ohshima, H.; Kondo, T. Difference in Surface Properties
between Escherichia Coli and Staphylococcus Aureus as Revealed by Electrophoretic

Mobility Measurements. Biophys. Chem. 1995, 55, 273-277.

222. Houben, G.; Sander, J. Preventing the Growth of Iron Bacteria in Water Wells by
Copper and Silver Coating. Water Sci. Technol. Water Supply 2020, 20, 1195-1206.

223. Yi, G.; Teong, S.P,; Liu, S.; Chng, S.; Yang, Y.Y.; Zhang, Y. Iron-Based Nano-Structured
Surfaces with Antimicrobial Properties. J. Mater. Chem. B 2020, 8, 10146-10153.

224. Silva, 1.0.; Ladchumananandasivam, R.; Nascimento, J.H.O.; Silva, K.K.O.S.; Oliveira,
F.R.; Souto, A.P.; Felgueiras, H.P; Zille, A. Multifunctional Chitosan/Gold Nanoparticles

Coatings for Biomedical Textiles. Nanomaterials 2019, 9, 1-21.

258



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Mi, G.; Shi, D.; Wang, M.; Webster, T.J. Reducing Bacterial Infections and Biofilm
Formation Using Nanoparticles and Nanostructured Antibacterial Surfaces. Adv.

Healthc. Mater. 2018, 7, 1-23.

Ogawa, A.; Kanematsu, H.; Sano, K.; Sakai, Y.; Ishida, K.; Beech, I.B.; Suzuki, O.; Tanaka,
T. Effect of Silver or Copper Nanoparticles-Dispersed Silane Coatings on Biofilm

Formation in Cooling Water Systems. Materials (Basel). 2016, 9, 1-19.

Liu, Y.; Guo, P.; He, X.; Li, L.; Wang, A.; Li, H. Developing Transparent Copper-Doped
Diamond-like Carbon Films for Marine Antifouling Applications. Diam. Relat. Mater.

2016, 69, 144-151.

Villa-Garia, L.D.; Marquez-Preciado, R.; Ortiz-Magdaleno, M.; Patron-Soberano, O.A.;
Alvarez-Pérez, M.A.; Pozos-Guillén, A.; Sdnchez-Vargas, L.O. Antimicrobial Effect of
Gold Nanoparticles in the Formation of the Staphylococcus Aureus Bifilm on a

Polyethylene Surface. Brazilian J. Microbiol. 2021, 1-7.

Fu, G.; Vary, P.S.; Lin, C.-T. Anatase TiO2 Nanocomposites for Antimicrobial Coatings. J.
Phys. Chem. B 2005, 109, 8889=8898.

Baier, R.E. Surface Properties Influencing Biological Adhesion. Adhes. Biol. Syst. 1970,
15-48.

Baier, R.E.; Shafrin, E.G.; Zisman, W.A. Adhesion: Mechanisms That Assist or Impede It.
Science 1968, 162, 1360-1368.

Brady, R.F. Properties Which Influence Marine Fouling Resistance in Polymers

Containing Silicon and Fluorine. Prog. Org. Coatings 1999, 35, 31-35.

Baier, R.E. Surface Behaviour of Biomaterials: The Theta Surface for Biocompatibility. J.

Mater. Sci. Mater. Med. 2006, 17, 1057-1062.

Lepoittevin, B.; Bedel, S.; Dragoé, D.; Bruzaud, J.; Barthés-Labrousse, M.G.; Mazerat, S.;
Herry, J.M.; Bellon-Fontaine, M.N.; Roger, P. Antibacterial Surfaces Obtained through

Dopamine and Fluorination Functionalizations. Prog. Org. Coatings 2015, 82, 17-25.

MacCallum, N.; Howell, C.; Kim, P.; Sun, D.; Friedlander, R.; Ranisau, J.; Ahanotu, O.;
Lin, J.J.; Vena, A.; Hatton, B.; et al. Liquid-Infused Silicone As a Biofouling-Free Medical

Material. ACS Biomater. Sci. Eng. 2015, 1, 43-51.

Patir, A.; Hwang, G.B.; Lourenco, C.; Nair, S.P.; Carmalt, C.J.; Parkin, I.P. Crystal Violet-

259



237.

238.

239.

240.

241.

242,

243,

244,

245,

246.

247.

Impregnated Slippery Surface to Prevent Bacterial Contamination of Surfaces. ACS

Appl. Mater. Interfaces 2021, 13, 5478-5485.

Chen, S.; Li, L.; Zhao, C.; Zheng, J. Surface Hydration: Principles and Applications toward
Low-Fouling/Nonfouling Biomaterials. Polymer. 2010, 51, 5283—-5293.

Jiang, S.; Cao, Z. Ultralow-Fouling, Functionalizable, and Hydrolyzable Zwitterionic
Materials and Their Derivatives for Biological Applications. Adv. Mater. 2010, 22, 920-
932.

Dalton, H.M.; Goodman, A.E.; Marshall, K.C. Diversity in Surface Colonization Behavior

in Marine Bacteria. J. Ind. Microbiol. Biotechnol. 1996, 17, 228-234.

Ivanova, E.P.; Hasan, J.; Webb, H.K.; Truong, V.K.; Watson, G.S.; Watson, J.A.; Baulin,
V.A.; Pogodin, S.; Wang, J.Y.; Tobin, M.J.; et al. Natural Bactericidal Surfaces:
Mechanical Rupture of Pseudomonas Aeruginosa Cells by Cicada Wings. Small 2012, 8,

2489-2494.

Neinhuis, C.; Barthlott, W. Characterization and Distribution of Water-Repellent, Self-
Cleaning Plant Surfaces. Ann. Bot. 1997, 79, 667—677.

Barthlott, W.; Neinhuis, C. Purity of the Sacred Lotus, or Escape from Contamination in

Biological Surfaces. Planta 1997, 202, 1-8.

Ensikat, H.J.; Ditsche-Kuru, P.; Neinhuis, C.; Barthlott, W. Superhydrophobicity in
Perfection: The Outstanding Properties of the Lotus Leaf. Beilstein J. Nanotechnol.

2011, 2, 152-161.

Chapman, J.; Regan, F. Nanofunctionalized Superhydrophobic Antifouling Coatings for
Environmental Sensor Applications-Advancing Deployment with Answers from Nature.

Adv. Eng. Mater. 2012, 14, 175-184.

Kayes, M.l.; Galante, A.J.; Stella, N.A.; Haghanifar, S.; Shanks, R.M.Q.; Leu, P.W. Stable
Lotus Leaf-Inspired Hierarchical, Fluorinated Polypropylene Surfaces for Reduced

Bacterial Adhesion. React. Funct. Polym. 2018, 128, 40-46.

Lotus Leaf Inspires Scientists to Create World’s First Self-Cleaning Metals Available
online: https://phys.org/news/2016-06-lotus-leaf-scientists-world-self- (accessed on 25
March 2021).

Carman, M.L,; Estes, T.G.; Feinberg, A.W.; Schumacher, J.F.; Wilkerson, W.; Wilson,

260



248.

249,

250.

251.

252,

253.

254,

255.

256.

L.H.; Callow, M.E.; Callow, J.A.; Brennan, A.B. Engineered Antifouling
Microtopographies - Correlating Wettability with Cell Attachment. Biofouling 2006, 22,
11-21.

Schumacher, J.F.; Carman, M.L.; Estes, T.G.; Feinberg, A.W.; Wilson, L.H.; Callow, M.E.;
Callow, J.A.; Finlay, J.A.; Brennan, A.B. Engineered Antifouling Microtopographies -
Effect of Feature Size, Geometry, and Roughness on Settlement of Zoospores of the

Green Alga Ulva. Biofouling 2007, 23, 55—62.

Schumacher, J.F.; Aldred, N.; Callow, M.E.; Finlay, J.A.; Callow, J.A.; Clare, A.S.; Brennan,
A.B. Species-Specific Engineered Antifouling Topographies: Correlations between the

Settlement of Algal Zoospores and Barnacle Cyprids. Biofouling 2007, 23, 307-317.

Schumacher, J.F.; Long, C.J.; Callow, M.E.; Finlay, J.A.; Callow, J.A.; Brennan, A.B.
Engineered Nanoforce Gradients for Inhibition of Settlement (Attachment) of

Swimming Algal Spores. Langmuir 2008, 24, 4931-4937.

Chung, K.K.; Schumacher, J.F.; Sampson, E.M.; Burne, R.A.; Antonelli, P.J.; Brennan, A.B.
Impact of Engineered Surface Microtopography on Biofilm Formation of

Staphylococcus Aureus. Biointerphases 2007, 2, 89-94.

Mann, E.E.; Manna, D.; Mettetal, M.R.; May, R.M.; Dannemiller, E.M.; Chung, K.K.;
Brennan, A.B.; Reddy, S.T. Surface Micropattern Limits Bacterial Contamination.

Antimicrob. Resist. Infect. Control 2014, 3.

May, R.M.; Hoffman, M.G.; Sogo, M.J.; Parker, A.E.; O’'Toole, G.A.; Brennan, A.B.;
Reddy, S.T. Micro-patterned Surfaces Reduce Bacterial Colonization and Biofilm
Formation in Vitro : Potential for Enhancing Endotracheal Tube Designs . Clin. Transl.

Med. 2014, 3, 1-9.

Reddy, S.T.; Chung, K.K.; McDaniel, C.J.; Darouiche, R.O.; Landman, J.; Brennan, A.B.
Micropatterned Surfaces for Reducing the Risk of Catheter-Associated Urinary Tract
Infection: An in Vitro Study on the Effect of Sharklet Micropatterned Surfaces to Inhibit
Bacterial Colonization and Migration of Uropathoegnic Escherichia Coli. J. Endourol.

2011, 25, 1547-1552.

Wang, L.; Fan, D.; Chen, W.; Terentjev, E.M. Bacterial Growth, Detachment and Cell

Size Control on Polyethylene Terephthalate Surfaces. Sci. Rep. 2015, 5, 1-11.

Savage, D.C.; Fletcher, M. Bacterial Adhesion; Springer US: New York, 2013;

261



257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Brown, L.; Wolf, J.M.; Prados-Rosales, R.; Casadevall, A. Through the Wall: Extracellular
Vesicles in Gram-Positive Bacteria, Mycobacteria and Fungi. Nat. Rev. Microbiol. 2015,

13,620-630.

Cooper, S. Synthesis of the Cell Surface during the Division Cycle. In Bacterial Growth

and Division; 1991; pp. 177-246.

Sandholm, T.M.; Wirtanen, G. Biofilm Formation in the Industry : A Review. Food Rev.

Int. 1992, 8, 573-601.

Kamaruzzaman, N.F.; Tan, L.P.; Hamdan, R.H.; Choong, S.S.; Wong, W.K.; Gibson, A.J.;
Chivu, A.; De Fatima Pina, M. Antimicrobial Polymers: The Potential Replacement of

Existing Antibiotics? Int. J. Mol. Sci. 2019, 20.

Hidron, A.l.; Edwards, J.R.; Patel, J.; Horan, T.C.; Sievert, D.M.; Pollock, D.A.; Fridkin,
S.K. Antimicrobial-Resistant Pathogens Associated With Healthcare-Associated
Infections: Annual Summary of Data Reported to the National Healthcare Safety
Network at the Centers for Disease Control and Prevention, 2006—2007. Hosp.

Epidemiol. 2008, 29, 996-1011.

Cassini, A.; Hogberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.;
Colomb-Cotinat, M.; Kretzschmar, M.E.; Devleesschauwer, B.; Cecchini, M.; et al.
Attributable Deaths and Disability-Adjusted Life-Years Caused by Infections with
Antibiotic-Resistant Bacteria in the EU and the European Economic Area in 2015: A

Population-Level Modelling Analysis. Lancet Infect. Dis. 2019, 19, 56—66.

Ma, X.; Zhang, G.; Li, G.; Wan, Y.; Sun, H.; Wang, H.; Shi, B. Environmental Science
Environmental Science Biofilm Bacterial Community Transition under Water Supply
Quality Changes in Drinking Water Distribution Systems. Environ. Sci. Water Res.

Technol 2018, 4, 644.

Szewzyk, U.; Szewzyk, R.; Manz, W.; Schleifer, K.. Microbiological Safety of Drinking
Water. Annu. Rev. Microbiol. 2000, 54, 81-127.

Maes, S.; Vackier, T.; Nguyen Huu, S.; Heyndrickx, M.; Steenackers, H.; Sampers, |.;
Raes, K.; Verplaetse, A.; De Reu, K. Occurrence and Characterisation of Biofilms in

Drinking Water Systems of Broiler Houses. BMC Microbiol. 2019, 19, 1-15.

WILLIAMSON, C.K. Morphological and Physiological Considerations of Colonial Variants
of Pseudomonas Aeruginosa. J. Bacteriol. 1956, 71, 617—-622.

262



267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Bruzaud, J.; Tarrade, J.; Coudreuse, A.; Canette, A.; Herry, J.M.; Taffin de Givenchy, E.;
Darmanin, T.; Guittard, F.; Guilbaud, M.; Bellon-Fontaine, M.N. Flagella but Not Type IV
Pili Are Involved in the Initial Adhesion of Pseudomonas Aeruginosa PAO1 to
Hydrophobic or Superhydrophobic Surfaces. Colloids Surfaces B Biointerfaces 2015,
131, 59-66.

Jacobsen, S.M.; Stickler, D.J.; Mobley, H.L.T.; Shirtliff, M.E. Complicated Catheter-
Associated Urinary Tract Infections Due to Escherichia Coli and Proteus Mirabilis. Clin.

Microbiol. Rev. 2008, 21, 26-59.

Simpson, J.M.; Santo Domingo, J.W.; Reasoner, D.J. Microbial Source Tracking: State of

the Science. Environ. Sci. Technol. 2002, 36, 5279-5288.

Van Houdt, R.; Michiels, C.W. Role of Bacterial Cell Surface Structures in Escherichia

Coli Biofilm Formation. Res. Microbiol. 2005, 156, 626—633.

Galié, S.; Garcia-Gutiérrez, C.; Miguélez, E.M.; Villar, C.J.; Lombd, F. Biofilms in the Food

Industry: Health Aspects and Control Methods. Front. Microbiol. 2018, 9, 1-18.

Periasamy, S.; Joo, H.-S.; Duong, A.C.; Bach, T.-H.L.; Tan, V.Y.; Chatterjee, S.S.; Cheung,
G.Y.C.; Otto, M. How Staphylococcus Aureus Biofilms Develop Their Characteristic

Structure. PNAS 2012, 109, 1281-1286.

Arciola, C.R.; An, Y.H.; Campoccia, D.; Donati, M.E.; Montanaro, L. Etiology of Implant
Orthopedic Infections: A Survey on 1027 Clinical Isolates. Int. J. Artif. Organs 2005, 28,
1091-1100.

Jarvis, W.R.; Gaynes, R.P.; Horan, T.C.; Alonso-Echanove, J.; Emori, T.G.; Fridkin, S.K;
Lawton, R.M.; Richards, M.J.; Wright, G.C.; Culver, D.H.; et al. National Nosocomial
Infections Surveillance (NNIS) System Report, Data Summary from October 1986-April
1998, Issued June 1998. Am. J. Infect. Control 1998, 26, 522—-533.

Kourtis, A.P.; Hatfield, K.; Baggs, J.; Mu, Y.; See, |.; Epson, E.; Nadle, J.; Kainer, M.A;
Dumyati, G.; Petit, S.; et al. Vital Signs: Epidemiology and Recent Trends in Methicillin-
Resistant and in Methicillin-Susceptible Staphylococcus Aureus Bloodstream Infections

- United States. MMWR Morb Mortal Wkly Rep 2019, 68, 214-219.

Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R. V.; Widdowson, M.A.; Roy, S.L,;
Jones, J.L.; Griffin, P.M. Foodborne Iliness Acquired in the United States-Major
Pathogens. Emerg. Infect. Dis. 2011, 17, 7-15.

263



277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Pollitt, E.J.G.; Crusz, S.A.; Diggle, S.P. Staphylococcus Aureus Forms Spreading Dendrites
That Have Characteristics of Active Motility. Sci. Rep. 2015, 5, 1-12.

Pandey, A.; Aggarwal, N.; Adholeya, A.; Kochar, M. Resurrection of Nalidixic Acid:
Evaluation of Water-Based Nanoformulations as Potential Nanomedicine. Nanoscale

Res. Lett. 2018, 13, 1-16.

Mckeen, L.W. Plastics Used in Medical Devices. In Handbook of Polymer Applications in

Medicine and Medical Devices; Modjarrad, K., Ebnesajjad, S., Eds.; 2014; pp. 21-53.

Fonseca, C.; Pereia, J.M.; Fatou, J.G.; Bello, A. Sulphuric Acid Etching of Polyethylene
Surfaces. J. Mater. Sci. 1985, 20, 3283—-3288.

Silverstein, M.S.; Breuer, O. Relationship between Surface Properties and Adhesion for
Etched Ultra-High-Molecular-Weight Polyethylene Fibers. Compos. Sci. Technol. 1993,
48,151-157.

Mercx, F.P.M.; Benzlna, A.; Van Langeveld, A.D.; Lemstra, P.J. Improved Adhesive
Properties of High-Modulus Polyethylene Structures Part | Oxidative Acid Etching. J.
Mater. Sci. 1993, 28, 753—759.

Garcia, A.; Berthelot, T.; Viel, P.; Polesel-Maris, J.; Palacin, S. Microscopic Study of a
Ligand Induced Electroless Plating Process onto Polymers. ACS Appl. Mater. Interfaces

2010, 2, 3043-3051.

Rasmussen, J.R.; Stedronsky, E.R.; Whitesides, G.M. Introduction, Modification, and
Characterization of Functional Groups on the Surface of Low-Density Polyethylene

Film. J. Am. Chem. Soc. 1977, 99, 4736—-4745.

Schénherr, H.; Vancso, G.J. Surface Properties of Oxidized LDPE by Scanning Force
Microscopy with Chemically Modified Probes. J. Polym. Sci. Part B Polym. Phys. 1998,
36, 2483-2492.

Wang, H.; Chen, S.J.; Zhang, J. Surface Treatment of LLDPE and LDPE Blends by Nitric
Acid, Sulfuric Acid, and Chromic Acid Etching. Colloid Polym. Sci. 2009, 287, 541-548.

Melby, L.R. Nitric Acid Oxidation of High-Density Polyethylene. Organic Chemical
Aspects. Macromolecules 1978, 11, 50-56.

Sham, M.L.; I, J.L.; A, P.M.; Kim, J.-K. Cleaning and Functionalization of Polymer

Surfaces and Nanoscale Carbon Fillers by UV/Ozone Treatment: A Review. J. Compos.

264



289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

Mater. 2009, 43, 1537-1564.

Yang, S.S.; Ong, S.K.; Nee, A.Y.C. Handbook of Manufacturing Engineering and
Technology; New York, 2015;

Park, S.J.; Jin, J.S. Effect of Corona Discharge Treatment on the Dyeability of Low-
Density Polyethylene Film. J. Colloid Interface Sci. 2001, 236, 155—160.

Li, M.; Mitra, D.; Kang, E.T.; Lau, T.; Chiong, E.; Neoh, K.G. Thiol-Ol Chemistry for
Grafting of Natural Polymers to Form Highly Stable and Efficacious Antibacterial
Coatings. ACS Appl. Mater. Interfaces 2017, 9, 1847-1857.

Habib, S.; Lehocky, M.; Vesela, D.; Humpolicek, P.; Krupa, |.; Popelka, A. Preparation of
Progressive Antibacterial LDPE Surface via Active Biomolecule Deposition Approach.

Polymers 2019, 11, 1-15.

Clarke, D.; Tyuftin, A.A.; Cruz-Romero, M.C.; Bolton, D.; Fanning, S.; Pankaj, S.K.;
Bueno-Ferrer, C.; Culllen, P.J.; Kerry, J.P. Surface Attachment of Active Antimicrobial
Coatings onto Conventionalplastic-Based Laminates and Performance Assessment of
Thesematerials on the Storage Life of Vacuum Packaged Beef Sub-Primals. Food

Microbiol. 2017, 62, 196-201.

Erben, D.; Hola, V.; Jaros, J.; Rahel, J. Bacterial Growth on Chitosan-Coated

Polypropylene Textile. ISRN Microbiol. 2012, 2012, 1-5.

Sheng, E.; Sutherland, I.; Brewis, D.M.; Heath, R.J. Effects of the Chromic Acid Etching
on Propylene Polymer Surfaces. J. Adhes. Sci. Technol. 1995, 9, 47—-60.

Brune, D.; Hellborg, R.; Whitlow, H.J.; Hunderi, O. Surface Characterization: A User’s
Sourcebook. In; Wiley: Weinheim, 2008; pp. 1-715.

Ebnesajjad, S. Surface and Material Characterization Techniques. In Surface Treatment

of Materials for Adhesive Bonding; 2014; pp. 39-75.

Baer, D.R.; Clayton, C.R.; Davis, G.D. The Application of Surface Analysis Methods to

Environmental/Material Interactions. In; The Society: Pennington, 1991; pp. 1-565.

Baer, D.R.; Thevuthasan, S. Characterization of Thin Films and Coatings. In Handbook of

Deposition Technologies for Films and Coatings; 2010; pp. 749-864.

Birdi, K.S. Surface Chemistry Essentials. In Surface Chemsitry Essentials; Taylor and

Francis Group LLC: Boca Raton, 2014; pp. 17-54.

265



301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

Ma, M.; Li, W.; Liu, A.H. Young’s Equation Revisited. J. Phys. Condens. Matter 2016, 28,
1-4.

Lee, J.H.; Lee, D.W. Contact-Induced Molecular Rearrangement of Acrylic Acid-

Incorporated Pressure Sensitive Adhesives. Appl. Surf. Sci. 2020, 500, 1-6.

Pandiyaraj, K.N.; Kumar, A.A.; Ramkumar, M.C.; Sachdev, A.; Gopinath, P.; Cools, P.; De
Geyter, N.; Morent, R.; Deshmukh, R.R.; Hegde, P.; et al. Influence of Non-Thermal
TiCl4/Ar + 02 Plasma-Assisted TiOx Based Coatings on the Surface of Polypropylene
(PP) Films for the Tailoring of Surface Properties and Cytocompatibility. Mater. Sci. Eng.
C 2016, 62, 908-918.

Westcott, R. So You Want to Write? Krus. Tech. Note #306 1999, Kruss USA, 1-16.

Al-Jumaili, A.; Bazaka, K.; Jacob, M. V. Retention of Antibacterial Activity in Geranium

Plasma Polymer Thin Films. Nanomaterials 2017, 7, 1-23.

Li, X.-M.; Reinhoudt, D.; Crego-Calama, M. What Do We Need for a Superhydrophobic
Surface? A Review on the Recent Progress in the Preparation of Superhydrophobic

Surfaces. Chem. Soc. Rev. 2007, 36, 1350-1368.

Murakami, D.; Jinnai, H.; Takahara, A. Wetting Transition from the Cassie-Baxter State

to the Wenzel State on Textured Polymer Surfaces. Langmuir 2014, 30, 2061-2067.

Agarwal, S. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28,
988-994.

Gadelmawla, E.S.; Koura, M.M.; Maksoud, T.M.A.; Elewa, |I.M.; Soliman, H.H.
Roughness Parameters. J. Mater. Process. Technol. 2002, 133-145.

Pawley, J.B. Handbook of Biological Confocal Microscopy. In; Springer US, 2013; pp. 1-
632.

Abbe, E. IX.-Note Tramactions of the Xociety. J. R. Microsc. Soc. 1884, 4, 348-351.

Pescod, M.B.; Nair, J. V. Biological Disc Filtration for Tropical Waste Treatment.

Experimental Studies. Water Res. 1972, 6, 1509-1523.

Marrie, T.J.; Nelligan, J.; Costerton, J.W. A Scanning and Transmission Electron
Microscopic Study of an Infected Endocardial Pacemaker Lead. Circulation. 1982, 66,

1339-1341.

266



314. Costerton, J.W. The Biofilm Primer; Physica-Verlag: New York, 2007;

315. Fassel, T.A.; Edmiston, C.E. Bacterial Biofilms: Strategies for Preparing Glycocalyx for

Electron Microscopy. Methods Enzymol. 1999, 310, 194—203.

316. Costerton, J.W.; Irvin, R.T.; Cheng, K.-J. The Bacterial Glycocalyx in Nature and Disease.
Ann. Rev. Microbiol 1981, 35, 299-324.

317. Larimer, C.; Brann, M.; Suter, J.D.; Addleman, R.S. Design of a Dynamic Biofilm Imaging
Cell for White-Light Interferometric Microscopy. Opt. Eng. 2017, 56, 1-8.

318. Caizadn-Juanarena, L.; Krug, J.R.; Vergeldt, F.J.; Kleijn, J.M.; Velders, A.H.; Van As, H.; Ter
Heijne, A. 3D Biofilm Visualization and Quantification on Granular Bioanodes with

Magnetic Resonance Imaging. Water Res. 2019, 167, 1-10.

319. Claxton, N.S.; Fellers, T.J.; Davidson, M.W. Laser Scanning Confocal Microscopy. In
Encylopedia of Medical Devices and Instrumentation; G., W.J., Ed.; John Wiley & Sons,
Inc., 2006; pp. 4-37.

320. Binnig, G.; Quate, C.F.; Gerber, C. Atomic Force Microscope. Phys. Rev. Lett. 1986, 56,
930-934.

321. Raman, A,; Trigueros, S.; Cartagena, A.; Z Stevenson, A.P.; Susilo, M.; Nauman, E.;
Antoranz Contera, S. Mapping Nanomechanical Properties of Live Cells Using Multi-

Harmonic Atomic Force Microscopy. Nat. Nanotechnol. 2011, 6, 809—814.

322. Huang, Q.; Wu, H.; Cai, P.; Fein, J.B.; Chen, W. Atomic Force Microscopy Measurements
of Bacterial Adhesion and Biofilm Formation onto Clay-Sized Particles. Sci. Rep. 2015, 5,
1-12.

323. Bremer, P.J.; Geese, G.G.; Drake, B. Atomic Force Microscopy Examination of the
Topography of a Hydrated Bacterial Biofilm on a Copper Surface. Curr. Microbiol. 1992,
24, 223-230.

324. Oh, VY.J,; Lee, N.R.; Jo, W.; Jung, W.K.; Lim, J.S. Effects of Substrates on Biofilm
Formation Observed by Atomic Force Microscopy. Ultramicroscopy 2009, 109, 874—
880.

325. lvnitsky, H.; Katz, I.; Minz, D.; Volvovic, G.; Shimoni, E.; Kesselman, E.; Semiat, R,;
Dosoretz, C.G. Bacterial Community Composition and Structure of Biofilms Developing

on Nanofiltration Membranes Applied to Wastewater Treatment. Water Res. 2007, 41,

267



326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

3924-3935.

El, S.; Koraichi, S.; Madani, K.; Latrache, H.; Hamadi, F. Scanning Electron Microscopy
(SEM) and Environmental SEM: Suitable Tools for Study of Adhesion Stage and Biofilm
Formation. In Scanning Electron Microscopy; Kazmiruk, V., Ed.; 2012; pp. 718-728.

Schatten, H. Scanning Electron Microscopy for the Life Sciences. In; Cambridge

University Press: Cambridge, 2013; pp. 1-261.

Hassan, A.N.; Frank, J.F.; Elsoda, M. Observation of Bacterial Exopolysaccharide in Dairy

Products Using Cryo-Scanning Electron Microscopy. Int. Dairy J. 2003, 13, 755-762.

Alhede, M.; Qvortrup, K.; Liebrechts, R.; Hgiby, N.; Givskov, M.; Bjarnsholt, T.
Combination of Microscopic Techniques Reveals a Comprehensive Visual Impression of

Biofilm Structure and Composition. FEMS Immunol Med Microbiol 2012, 65, 335-342.

Wallace, P.K.; Arey, B.; Mahaffee, W.F. Subsurface Examination of a Foliar Biofilm Using

Scanning Electron- and Focused-lon-Beam Microscopy. Micron 2011, 42, 579-585.

Darkin, M.G.; Gilpin, C.; Williams, J.B.; Sangha, C.M. Direct Wet Surface Imaging of an
Anaerobic Biofilm by Environmental Scanning Electron Microscopy: Application to

Landfill Clay Liner Barriers. Scanning 2001, 23, 346-350.

Combes, R.; Robin, M.; Blavier, G.; Aidan, M.; Degreve, F. Visualization of Imbibition in
Porous Media by Environmental Scanning Electron Microscopy: Application to

Reservoir Rocks. J. Pet. Sci. Eng. 1998, 20, 133-139.

Wilson, C.; Lukowicz, R.; Merchant, S.; Valquier-Flynn, H.; Caballero, J.; Sandoval, J.;
Okuom, M.; Huber, C.; Brooks, T.D.; Wilson, E.; et al. Quantitative and Qualitative
Assessment Methods for Biofilm Growth: A Mini-Review. Res. Rev. J. Eng. Technol.

2017, 6, 1-42.

Xu, H.-S.; Roberts, N.; Singleton, F.L.; Attwell, R.W.; Grimes, D.J.; Colwelp, R.R. Survival
and Viability of Nonculturable Escherichia Coli and Vibrio Cholerae in the Estuarine and

Marine Environment. Microb. Ecol 1982, 8, 313—-323.

Pettit, R.K.; Weber, C.A.; Kean, M.J.; Hoffmann, H.; Pettit, G.R.; Tan, R.; Franks, K.S.;
Horton, M.L. Microplate Alamar Blue Assay for Staphylococcus Epidermidis Biofilm

Susceptibility Testing. Antimicrob. Agents Chemother. 2005, 49, 2612-2617.

Salle, A.J. A System for the Bacteriological Examination of Water. J. Bacteriol. 1930, 20,

268



337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

381-406.

Stark, C.N.; England, C.W. Some Results on the Use of Crystal Violet In. J Bacteriol 1932,
439-445,

Fletcher, M. The Effect of Culture Concentration and Age, Time, and Temperature on

Bacterial Attachment to Polystyrene. Can 1976, 23, 1-6.

Kragh, K.N.; Alhede, M.; Kvich, L.; Bjarnsholt, T. Into the Well—A Close Look at the
Complex Structures of a Microtiter Biofilm and the Crystal Violet Assay. Biofilm 2019, 1,
1-9.

Christensen, G.D.; Simpson, W.A.; Younger, J.J.; Baddour, L.M.; Barrett, F.F.; Melton,
D.M.; Beachey, E.H. Adherence of Coagulase-Negative Staphylococci to Plastic Tissue
Culture Plates: A Quantitative Model for the Adherence of Staphylococci to Medical

Devices. J. Clin. Microbiol. 1985, 22, 996—1006.

Patterson, J.L.; Stull-Lane, A.; Girerd, P.H.; Jefferson, K.K. Analysis of Adherence, Biofilm
Formation and Cytotoxicity Suggests a Greater Virulence Potential of Gardnerella
Vaginalis Relative to Other Bacterial-Vaginosis-Associated Anaerobes. Microbiology

2010, 156, 392-399.

Pierce, C.G.; Uppuluri, P.; Tristain, A.; Jr, F.L.LW.; Mowat, E.; Ramage, G.; Lopez-Ribot,
J.L. A Simple and Reproducible 96 Well Plate-Based Method for the Formation of
Fungal Biofilms and Its Application to Antifungal Susceptibility Testing. Genet. Test.
Care, Consent. Liabil. 2008, 3, 1494—-1500.

Kuhn, D.M.; Balkis, M.; Chandra, J.; Mukherjee, P.K.; Ghannoum, M.A. Uses and
Limitations of the XTT Assay in Studies of Candida Growth and Metabolism. J. Clin.
Microbiol. 2003, 41, 506-508.

Kerstens, M.; Boulet, G.; Van Kerckhoven, M.; Clais, S.; Lanckacker, E.; Delputte, P.;
Maes, L.; Cos, P. A Flow Cytometric Approach to Quantify Biofilms. Folia Microbiol
2015, 60, 335-342.

Riger, M.; Ackermann, M.; Reichl, U. Species-Specific Viability Analysis of
Pseudomonas Aeruginosa, Burkholderia Cepacia and Staphylococcus Aureus in Mixed

Culture by Flow Cytometry. BMC Microbiol. 2014, 14, 1-15.

Nuding, S.; Fellermann, K.; Wehkamp, J.; Mueller, H.A.G.; Stange, E.F. A Flow

Cytometric Assay to Monitor Antimicrobial Activity of Defensins and Cationic Tissue

269



347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

Extracts. J. Microbiol. Methods 2006, 65, 335—-345.

Konrad, K.R.; Hedrich, R. The Use of Voltage-Sensitive Dyes to Monitor Signal-Induced
Changes in Membrane Potential-ABA Triggered Membrane Depolarization in Guard

Cells. Plant J. 2008, 55, 161-173.

Kim, T.K.; Park, J.H. More about the Basic Assumptions of T-Test: Normality and Sample
Size. Korean J. Anesthesiol. 2019, 72, 331-335.

Yang, J.; Tao, Q.; Frost, R.L.; Kristéf, J.; Horvath, E. Studies on Self-Assembly
Hydrothermal Fabrication and Thermal Stability of Chromium Oxyhydroxide
Nanomaterials Synthesised from Chromium Oxide Colloids. J. Therm. Anal. Calorim.

2013, 111, 329-334.

Briscoe, B.J.; Williams, D.R.; Galvin, K.P. Condensation on Hydrosol Modified

Polyethylene. Colloids Surfaces A Physicochem. Eng. Asp. 2005, 264, 101-105.

Al-Naamani, L.; Dobretsov, S.; Dutta, J.; Burgess, J.G. Chitosan-Zinc Oxide
Nanocomposite Coatings for the Prevention of Marine Biofouling. Chemosphere 2017,

168, 408-417.

Leane, M.M.; Nankervis, R.; Smith, A.; lllum, L. Use of Ninhydrin Assay to Measure the
Release of Chitosan from Oral Solid Dosage Forms. Int. J. Pharm. 2004, 241-249.

Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersbgll, B.K.; Molin,
S. Quantification of Biofilm Structures by the Novel Computer Program COMSTAT.
Microbiology 2000, 146, 2395-2407.

Heydorn, A.; Ersboll, B.; Vorregaard, M. Comstat Homepage Available online:

www.comstat.dk.

Vorregaard, M. Comstat 2-a Modern 3D Image Analysis Environment for Biofilms. In;
Informatics and Mathematical Modelling: Technical University of Denmark, Kongens

Lyngby, Denmark, 2008; pp. 1-71.

Corle, T.R.; Kino, G.S. Confocal Scanning Optical Microscopy and Related Imaging

Systems. In; Academic Press Ltd: San Diego, 1996; pp. 1-335.

ThermoFischer Fluorescence Spectra of Syto-9 Available online:

https://www.thermofisher.com/order/catalog/product/S34854.

ThermoFischer Fluorescence Spectra of Propidium lodide Available online:

270



359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

https://www.thermofisher.com/order/catalog/product/P1304MP?SID=srch-srp-
P1304MP.

Robertson, J.; McGoverin, C.; Vanholsbeeck, F.; Swift, S. Optimisation of the Protocol
for the LIVE/DEAD®BacLightTM Bacterial Viability Kit for Rapid Determination of
Bacterial Load. Front. Microbiol. 2019, 10, 1-13.

Mi, H.; Wang, D.; Xue, Y.; Zhang, Z.; Niu, J.; Hong, Y.; Drlica, K.; Zhao, X. Dimethyl
Sulfoxide Protects Escherichia Coli from Rapid Antimicrobial-Mediated Killing.
Antimicrob. Agents Chemother. 2016, 60, 5054-5058.

Guo, Q.; Wu, Q.; Bai, D.; Liu, Y.; Chen, L.; Jin, S.; Wu, Y.; Duan, K. Potential Use of
Dimethyl Sulfoxide in Treatment of Infections Caused by Pseudomonas Aeruginosa.

Antimicrob. Agents Chemother. 2016, 60, 7159—-7169.

Stiefel, P.; Schmidt-Emrich, S.; Maniura-Weber, K.; Ren, Q. Critical Aspects of Using
Bacterial Cell Viability Assays with the Fluorophores SYTO9 and Propidium lodide. BMC
Microbiol. 2015, 15, 1-9.

Palmer, J.R. Bio-Adhesion And Cleanliness in Bio-Processing, Imperial College London,

Imperial College London, 2018.

Molecular Probes, |. LIVE/DEAD ® BacLight TM Bacterial Viability Kits. Prod. Inf. 2004,
1-5.

Hung, Y.T.; MclLandsborough, L.A.; Goddard, J.M.; Bastarrachea, L.J. Antimicrobial
Polymer Coatings with Efficacy against Pathogenic and Spoilage Microorganisms. LWT

2018, 97, 546-554.

Chang, Y. Bin; Tu, P.C.; Wu, M.W.; Hsueh, T.H.; Hsu, S.H. A Study on Chitosan
Modification of Polyester Fabrics by Atmospheric Pressure Plasma and Its Antibacterial

Effects. Fibers Polym. 2008, 9, 307—311.

Katsikogianni, M.; Amanatides, E.; Mataras, D.; Missirlis, Y.F. Staphylococcus
Epidermidisadhesion to He, He/O2 Plasma Treated PET Films and Aged Materials:
Contributions of Surface Free Energy and Shear Rate. Colloids Surfaces B Biointerfaces

2008, 65, 257-268.

Erdmann, M.; Kleinbub, S.; Wachtendorf, V.; Schutter, J.D.; Niebergall, U.; B6hning, M.;
Koerdt, A. Photo-Oxidation of PE-HD Affecting Polymer/Fuel Interaction and Bacterial
Attachment. npj Mater. Degrad. 2020, 4, 1-18.

271



369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

Qu, Y.; Li, Y.; Cameron, D.R.; Easton, C.D.; Zhu, X.; Zhu, M.; Salwiczek, M.; Muir, B.W.;
Thissen, H.; Daley, A.; et al. Hyperosmotic Infusion and Oxidized Surfaces Are Essential
for Biofilm Formation of Staphylococcus Captis from the Neonatal Intesive Care Unit.

Front. Microbiol. 2020, 11, 1-12.

Peacock, A. Handbook of Polyethylene Structures: Properties, and Applications. In;

Taylor and Francis Ltd.: Baytown, 2000; pp. 1-534.

Choi, H.S.; Shin, M.; Kim, J. Enhancement of Microbial Adhesion on the Chemically
Modified Polyethylene Surface. Environ. Eng. Res. Vol. 1999, 4, 127-133.

Kong, J.-S.; Lee, D.-J.; Kim, H.-D. Surface Modification of Low-Density Polyethylene
(LDPE) Film and Improvement of Adhesion between Evaporated Copper Metal Film and

LDPE. J. Appl. Polym. Sci. 2001, 82, 1677-1690.

Blais, P.; Carlsson, D.J.; Csullog, G.W.; Wiles, D.M. The Chromic Acid Etching of
Polyolefin Surfaces, and Adhesive Bonding 1. J. Colloid Interface Sci. 1974, 47, 636—649.

Briggs, D.; Brewis, D.M.; Konieczko, M.B. X-Ray Photoelectron Spectroscopy Studies of
Polymer Surfaces. J. Mater. Sci. 1980, 14, 1344—-1348.

Rouillon, C.; Bussiere, P.O.; Desnoux, E.; Collin, S.; Vial, C.; Therias, S.; Gardette, J.L. Is
Carbonyl Index a Quantitative Probe to Monitor Polypropylene Photodegradation?

Polym. Degrad. Stab. 2016, 128, 200-208.

Almond, J.; Sugumaar, P.; Wenzel, M.N.; Hill, G.; Wallis, C. Determination of the
Carbonyl Index of Polyethylene and Polypropylene Using Specified Area under Band
Methodology with ATR-FTIR Spectroscopy. E-Polymers 2020, 20, 369-381.

Khabbaz, F.; Albertsson, A.-C.; Karlsson, S. Chemical and Morphological Changes of
Environmentally Degradable Polyethylene Films Exposed to Thermo-Oxidation. Polym.

Degrad. Stab. 1999, 63, 127-138.

Liu, X.; Gao, C.; Sangwan, P.; Yu, L.; Tong, Z. Accelerating the Degradation of Polyolefins
through Additives and Blending. J. Appl. Polym. Sci. 2014, 131, 9001-9015.

Olley, R.H. Selective Etching of Polymeric Materials. Sci. Prog. 1986, 70, 17-43.

Li, D.; Zhou, L.; Wang, X.; He, L.; Yang, X. Effect of Crystallinity of Polyethylene with
Different Densities on Breakdown Strength and Conductance Property. Materials

(Basel). 2019, 12, 1-13.

272



381. Erdmann, M.; Niebergall, U.; Wachtendorf, V.; Bohning, M. Evaluation of UV-Induced
Embrittlement of PE-HD by Charpy Impact Test. J. Appl. Polym. Sci. 2020, 137, 1-14.

382. Briggs, D.; Brewis, D.M.; Dahm, R.H.; Fletcher, . W. Analysis of the Surface Chemistry of
Oxidized Polyethylene: Comparison of XPS and ToF-SIMS. Surf. Interface Anal. 2003, 35,
156-167.

383. Crouzet, M.; Le Senechal, C.; Brozel, V.S.; Costaglioli, P.; Barthe, C.; Bonneu, M.;
Garbay, B.; Vilain, S. Exploring Early Steps in Biofilm Formation: Set-up of an
Experimental System for Molecular Studies. BMC Microbiol. 2014, 14, 1-12.

384. Pan, M.; Zhu, L.; Chen, L.; Qiu, Y.; Wang, J. Detection Techniques for Extracellular
Polymeric. Bioresources 2016, 11, 8092-8115.

385. Guo, J.S.; Zhang, P.; Chen, Y.P.; Shen, Y.; Hu, X.; Yan, P.; Yang, J.X.; Fang, F.; Li, C.; Gao,
X.; et al. Microbial Attachment and Adsorption-Desorption Kinetic of Tightly Bound
Extracellular Polymeric Substances on Model Organic Surfaces. Chem. Eng. J. 2015,

279, 516-521.

386. Strauber, H.; Miller, S. Viability States of Bacteria-Specific Mechanisms of Selected
Probes. Cytom. Part A 2010, 77A, 623-634.

387. Giesbrecht, P.; Kersten, T.; Maidhof, H.; Wecke, J. Staphylococcal Cell Wall:
Morphogenesis and Fatal Variations in the Presence of Penicillin. Microbiol. Mol. Biol.

Rev. 1998, 62, 1371-1414.

388. Mai-prochnow, A.; Clauson, M.; Hong, J.; Murphy, A.B. Gram Positive and Gram
Negative Bacteria Differ in Their Sensitivity to Cold Plasma. Nat. Publ. Gr. 2016, 1-11.

389. Bucher, T.; Oppenheimer-shaanan, Y.; Savidor, A.; Bloom-ackermann, Z.; Kolodkin-gal,
I. Disturbance of the Bacterial Cell Wall Specifically Interferes with Biofilm Formation.

Environ. Microbiol. Rep. 2015, 7, 990-1004.

390. Vollmer, W.; Blanot, D.; Pedro, M.A. De Peptidoglycan Structure and Architecture.
FEMS Microbiol. Rev. 2008, 32, 149-167.

391. Dramsi, S.; Magnet, S.; Davison, S.; Arthur, M. Covalent Attachment of Proteins to
Peptidoglycan. FEMS Microbiol. Rev. 2008, 32, 307-320.

392. Feng, G.; Cheng, Y.; Wang, S.Y.; Hsu, L.C,; Feliz, Y.; Borca-Tasciuc, D.A.; Worobo, R.W.;

Moraru, C.I. Alumina Surfaces with Nanoscale Topography Reduce Attachment and

273



393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

Biofilm Formation by Escherichia Coli and Listeria Spp. Biofouling 2014, 30, 1253-1268.

Jindal, S.; Anand, S.; Huang, K.; Goddard, J.; Metzger, L.; Amamcharla, J. Evaluation of
Modified Stainless Steel Surfaces Targeted to Reduce Biofilm Formation by Common

Milk Sporeformers. J. Dairy Sci. 2016, 99, 9502—9513.

Gizdavic-Nikolaidis, M.; Easteal, A.J.; Stepanovic, S. WO 2009/041837A1 Bioactive
Aniline Copolymers 2009, 1-15.

Ganguli, A.; Tripathi, A.K. Bioremediation of Toxic Chromium from Electroplating
Effluent by Chromate-Reducing Pseudomonas Aeruginosa A2Chr in Two Bioreactors.

Appl. Microbiol. Biotechnol. 2002, 58, 416—420.

Paez, P.L.; Bazan, C.M.; Bongiovanni, M.E.; Toneatto, J.; Albesa, I.; Becerra, M.C.;
Arguello, G.A. Oxidative Stress and Antimicrobial Activity of Chromium(lll) and
Ruthenium(Il) Complexes on Staphylococcus Aureus and Escherichia Coli. Biomed Res.

Int. 2013, 2013.

Sangwan, P.; Kumar, H. Synthesis, Characterization, and Antibacterial Activities of
Chromium Oxide Nanoparticles against Klebsiella Pneumoniae. Asian J. Pharm. Clin.

Res. 2017, 10, 206—2089.

Werner, B.G.; Wu, J.Y.; Goddard, J.M. Antimicrobial and Antifouling Polymeric Coating
Mitigates Persistence of Pseudomonas Aeruginosa Biofilm. Biofouling 2019, 35, 785—

795.

Lépez, G.P.; Castner, D.G.; Ratner, B.D. XPS O 1s Binding Energies for Polymers
Containing Hydroxyl, Ether, Ketone and Ester Groups. Surf. Interface Anal. 1991, 17,
267-272.

Mathieson, |.; Bradley, R.H. Improved Adhesion to Polymers by UV/Ozone Surface
Oxidation. Int. J. Adhes. Adhes. 1996, 16, 29-31.

Jaberi, A.K.H.; Copaci, E.; Mernea, M.; Al-Shammari, R.S.S.; Cinteza, L.O.; Mihailescu,
D.F.; Stoian, G. Synthesis and Characterization of Zein-Chromium Nanoparticles with

Antibacterial Effects. Rom. Biotechnol. Lett. 2020, 25, 1628-1634.

Rashid, M.; Hossain, M..; Islam, S..; Easmin, S.; Hossain, S..; Sheikh, C. New
Coordination Complexes of Chromium as Cytotoxic and Antimicrobial Agens. Pakistan J.

Biol. Sci. 2004, 7, 335-3309.

274



403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

Vlasiou, M.C.; Pafiti, K.S. Chromium Coordination Compounds with Antimicrobial
Activity: Synthetic Routes, Structural Characteristics, and Antibacterial Activity. Open
Med. Chem. J. 2020, 14, 1-25.

Khan, S.A.; Shahid, S.; Hanif, S.; Almoallim, H.S.; Alharbi, S.A.; Sellami, H. Green
Synthesis of Chromium Oxide Nanoparticles for Antibacterial, Antioxidant Anticancer,

and Biocompatibility Activities. Int. J. Mol. Sci. 2021, 22, 1-17.

Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry: A Comprehensive Text; 3rd

Edn.; John Wiley & Sons Inc: Texas, 1966;

Yousif, E. A Review of Organotin Compounds: Chemistry and Applications. Arch. Org.
Inorg. Chem. Sci. 2018, 3, 344—-352.

Yasuyuki, M.; Kunihiro, K.; Kurissery, S.; Kanavillil, N.; Sato, Y.; Kikuchi, Y. Antibacterial
Properties of Nine Pure Metals: A Laboratory Study Using Staphylococcus Aureus and

Escherichia Coli. Biofouling 2010, 26, 851-858.

Di Giulio, M.; Micocci, G.; Serra, A.; Tepore, A.; Rella, R.; Siciliano, P. SnO2 Thin Films for
Gas Sensor Prepared by r.f. Reactive Sputtering. Sensors Actuators B. Chem. 1995, 25,
465-468.

Selin Tosun, B.; Feist, R.K.; Gunawan, A.; Mkhoyan, K.A.; Campbell, S.A.; Aydil, E.S.
Sputter Deposition of Semicrystalline Tin Dioxide Films. Thin Solid Films 2012, 520,
2554-2561.

Choudhury, S.P.; Gunjal, S.D.; Kumari, N.; Diwate, K.D.; Mohite, K.C.; Bhattacharjee, A.
Facile Synthesis of SnO2 Thin Film by Spray Pyrolysis Technique, Investigation of the
Structural, Optical, Electrical Properties. Mater. Today Proc. 2016, 3, 1609—-1619.

Savarimuthu, E.; San karasubramanian, N.; Jaya, M.; Sanjeeviraja, C.; Ramamurthyl, S.
Preparation and Characterisation of Nanostructured Tin Oxide (Sn02) Films by Sol-Gel

Spin Coating Technique. Surf. Eng. 2006, 22, 268-276.

Lu, Y.M.; Jiang, J.; Becker, M.; Kramm, B.; Chen, L.; Polity, A.; He, Y.B.; Klar, P.J.; Meyer,
B.K. Polycrystalline SnO2 Films Grown by Chemical Vapor Deposition on Quartz Glass.

Vacuum 2015, 122, 347-352.

Okuno, T.; Oshima, T.; Lee, S.-D.; Fujita, S. Growth of SnO2 Crystalline Thin Films by
Mist Chemical Vapour Deposition Method. Phys. status solidi 2011, 8, 540-542.

275



414,

415.

416.

417.

418.

4109.

420.

421.

422.

423.

424,

Aziz, M.; Saber Abbas, S.; Wan Baharom, W.R. Size-Controlled Synthesis of Sn02
Nanoparticles by Sol-Gel Method. Mater. Lett. 2013, 91, 31-34.

Racheva, T.M.; Critchlow, G.W. SnO2 Thin Films Prepared by the Sol-Gel Process. Thin
Solid Films 1997, 292, 299-302.

Marikkannan, M.; Vishnukanthan, V.; Vijayshankar, A.; Mayandi, J.; Pearce, J.M. A
Novel Synthesis of Tin Oxide Thin Films by the Sol-Gel Process for Optoelectronic

Applications. AIP Adv. 2015, 5, 1-8.

Hassan, A.; Abd El Aal, S.A.; Shehata, M.M.; El-Saftawy, A.A. Plasma-Etching and
Modification of Polyethylene for Improved Surface Structure, Wettability and Optical
Behaviour. Surf. Rev. Lett. 2019, 26, 52-57.

Kenney, J.T.; Townsend, W.P.; Emerson, A.J.A. Tin and Iron Hydrous Oxide Deposits on

Polyethylene, Teflon, and Paraffin. J. Colloid Interface Sci. 1973, 42, 589-596.

Johnson, W.; Bergfeld, W.F.; Belsito, D. V.; Hill, R.A.; Klaassen, C.D.; Liebler, D.C.; Marks,
J.G.; Shank, R.C.; Slaga, T.J.; Snyder, P.W.; et al. Safety Assessment of Tin(IV) Oxide as
Used in Cosmetics. Int. J. Toxicol. 2014, 33, 40S-46S.

FDA Code of Federal Regulations Title 21 Available online:
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=73.575
(accessed on 25 September 2021).

Souza, T.G.F.; Ciminelli, V.S.T.; Mohallem, N.D.S. A Comparison of TEM and DLS
Methods to Characterize Size Distribution of Ceramic Nanoparticles. J. Phys. Conf. Ser.

2016, 733, 1-5.

Abruzzi, R.C.; Dedavid, B.A.; Pires, M.J.R. Characterization of Tin Dioxide Nanoparticles

Synthesized by Oxidation. Ceramica 2015, 61, 328—-333.

NaderiNasrabadi, M.; Mortazavi, Y.; Khodadadi, A.A. Highly Sensitive and Selective
Gd203-Doped Sn02 Ethanol Sensors Synthesized by a High Temperature and Pressure
Solvothermal Method in a Microreactor. Sensors Actuators, B Chem. 2016, 230, 130—

139.

Themlin, J.-M.; Chtaib, M.; Henrard, L.; Lambin, P.; Darville, J.; Gilles, J.-M.
Characterization of Tin Oxides by X-Ray-Photoemission Spectroscopy. Am. Phys. Soc.
1992, 46, 2460-2466.

276



425.

426.

427.

428.

429.

430.

431.

432.

433.

434,

435.

Allan, C.R.; Hadwiger, L.A. The Fungicidal Effect of Chitosan on Fungi of Varying Cell
Wall Composition. Exp. Mycol. 1979, 3, 285-287.

Revathi, M.; Saravanan, R.; Shanmugam, A. Production and Characterization of
Chitinase from Vibrio Species, a Head Waste of Shrimp Metapenaeus Dobsonii (Miers,
1878) and Chitin of Sepiella Inermis Orbigny, 1848. Adv. Biosci. Biotechnol. 2012, 03,
392-397.

D’almeida, M.; Attik, N.; Amalric, J.; Brunon, C.; Ois Renaud, F.; Abouelleil, H.; Toury, B.;
Grosgogeat, B. Chitosan Coating as an Antibacterial Surface for Biomedical

Applications. PLoS ONES 2017, 12, 1-11.

Alburquenque, C.; Bucarey, S.A.; Neira-Carrillo, A.; Urza, B.; Hermosilla, G.; Tapia, C. V.
Antifungal Activity of Low Molecular Weight Chitosan against Clinical Isolates of

Candida Spp. Med. Mycol. 2010, 48, 1018-1023.

Kulikov, S.N.; Lisovskaya, S.A.; Zelenikhin, P. V.; Bezrodnykh, E.A.; Shakirova, D.R.;
Blagodatskikh, I. V.; Tikhonov, V.E. Antifungal Activity of Oligochitosans (Short Chain
Chitosans) against Some Candida Species and Clinical Isolates of Candida Albicans:

Molecular Weight-Activity Relationship. Eur. J. Med. Chem. 2014, 74, 169-178.

Younes, l.; Sellimi, S.; Rinaudo, M.; Jellouli, K.; Nasri, M. Influence of Acetylation Degree
and Molecular Weight of Homogeneous Chitosans on Antibacterial and Antifungal

Activities. Int. J. Food Microbiol. 2014, 185, 57-63.

Holappa, J.; Hjadlmarsdéttir, M.; Mdsson, M.; Rinarsson, O.; Asplund, T.; Soininen, P.;
Nevalainen, T.; Jarvinen, T. Antimicrobial Activity of Chitosan N-Betainates. Carbohydr.

Polym. 2006, 65, 114-118.

Chung, Y.C.; Su, Y.P.; Chen, C.C,; Jia, G.; Wang, H.L.; Wu, J.C.G; Lin, J.G. Relationship
between Antibacterial Activity of Chitosan and Surface Characteristics of Cell Wall. Acta

Pharmacol. Sin. 2004, 25, 932-936.

Hosseinnejad, M.; Jafari, S.M. Evaluation of Different Factors Affecting Antimicrobial

Properties of Chitosan. Int. J. Biol. Macromol. 2016, 85, 467—-475.

Lagaron, J.M.; Fernandez-Saiz, P.; Ocio, M.J. Using ATR-FTIR Spectroscopy to Design
Active Antimicrobial Food Packaging Structures Based on High Molecular Weight
Chitosan Polysaccharide. J. Agric. Food Chem. 2007, 55, 2554-2562.

Leceta, |.; Guerrero, P.; Ibarburu, I.; Duefias, M.T.; De La Caba, K. Characterization and

277



436.

437.

438.

439.

440.

441,

442.

443,

444,

445,

Antimicrobial Analysis of Chitosan-Based Films. J. Food Eng. 2013, 116, 889—-899.

Malinowska-Panczyk, E.; Staroszczyk, H.; Gottfried, K.; Kotodziejska, I.; Wojtasz-Pajak,
A. Antimicrobial Properties of Chitosan Solutions, Chitosan Films and Gelatin-Chitosan

Films. Polimery/Polymers 2015, 60, 735—741.

Padmavathy, N.; Vijayaraghavan, R. Enhanced Bioactivity of ZnO Nanoparticles-an

Antimicrobial Study. Sci. Technol. Adv. Mater. 2008, 9, 35004—-35011.

Mesgari, M.; Aalami, A.H.; Sahebkar, A. Antimicrobial Activities of Chitosan/Titanium
Dioxide Composites as a Biological Nanolayer for Food Preservation: A Review. Int. J.

Biol. Macromol. 2021, 176, 530-539.

Cometa, S.; Bonifacio, M.A.; Baruzzi, F.; Candia, S. de; Giangregorio, M.M.; Giannossa,
L.C.; Dicarlo, M.; Mattioli-Belmonte, M.; Sabbatini, L.; Giglio, E. De Silver-Loaded
Chitosan Coating as an Integrated Approach to Face Titanium Implant-Associated
Infections: Analytical Characterization and Biological Activity. Anal. Bioanal. Chem.

2017, 409, 711-7221.

Ferndndez-Pan, I.; Maté, J.1.; Gardrat, C.; Coma, V. Effect of Chitosan Molecular Weight
on the Antimicrobial Activity and Release Rate of Carvacrol-Enriched Films. Food

Hydrocoll. 2015, 51, 60—68.

Reddy, K.M.; Feris, K.; Bell, J.; Wingett, D.G.; Hanley, C.; Punnoose, A. Selective Toxicity
of Zinc Oxide Nanoparticles to Prokayotic and Eukaryotic Systems. Appl. Phys. Lett
2007, 90, 1-3.

Emamifar, A.; Kadivar, M.; Shahedi, M.; Soleimanian-Zad, S. Evaluation of
Nanocomposite Packaging Containing Ag and ZnO on Shelf Life of Fresh Orange Juice |

Elsevier Enhanced Reader. Innov. Food Sci. Emerg. Technol. 2010, 11, 742—-748.

Malini, M.; Thirumavalavan, M.; Yang, W.Y.; Lee, J.F.; Annadurai, G. A Versatile
Chitosan/ZnO Nanocomposite with Enhanced Antimicrobial Properties. Int. J. Biol.

Macromol. 2015, 80, 121-129.

Haldorai, Y.; Shim, J.-J. Chitosan-Zinc Oxide Hybrid Composite for Enhanced Dye
Degradation and Antibacterial Activity. Compos. interfaces 2013, 20, 365-377.

Kam, H.M.; Khor, E.; Lim, L.Y. Storage of Partially Deacetylated Chitosan Films. J.
Biomed. Mater. Res. 1999, 48, 881-888.

278



446.

447.

448.

449,

450.

451.

452.

453,

454,

455,

456.

457.

AbdElhady, M.M. Preparation and Characterization of Chitosan/Zinc Oxide
Nanoparticles for Imparting Antimicrobial and UV Protection to Cotton Fabric. Int. J.

Carbohydr. Chem. 2012, 2012, 1-6.

Schulz, P.C.; Rodriguez, M.S.; Del Blanco, L.F.; Pistonesi, M.; Agulld, E. Emulsification
Properties of Chitosan. Colloid Polym. Sci. 1998, 276, 1159-1165.

He, Q.; Ao, Q.; Gong, Y.; Zhang, X. Preparation of Chitosan Films Using Different
Neutralizing Solutions to Improve Endothelial Cell Compatibility. J. Mater. Sci. Mater.
Med. 2011, 22, 2791-2802.

Richardson, J.J.; Lange, F.F. Controlling Low Temperature Aqueous Synthesis of ZnO.

Cryst. Growth Des. 2009, 9, 2570-2575.

Kurakula, M.; Rao, G.S.N.K. Pharmaceutical Assessment of Polyvinylpyrrolidone (PVP):
As Excipient from Conventional to Controlled Delivery Systems with a Spotlight on

COVID-19 Inhibition. J. Drug Deliv. Sci. Technol. 2020, 60, 1-24.

David, C.A.; Galceran, J.; Rey-Castro, C.; Puy, J.; Companys, E.; Salvador, J.; Monné, J.;
Wallace, R.; Vakourov, A. Dissolution Kinetics and Solubility of ZnO Nanoparticles

Followed by AGNES. J. Phys. Chem. C 2012, 116, 11758-11767.

El-Hefian, E.A.; Nasef, M.M.; Yahaya, A.H. The Preparation and Characterization of
Chitosan / Poly (Vinyl Alcohol) Blended Films. E-Journal Chem. 2010, 7, 1212-1219.

Mauricio-Sanchez, R.A.; Salazar, R.; Luna-Barcenas, J.G.; Mendoza-Galvan, A. FTIR
Spectroscopy Studies on the Spontaneous Neutralization Ofchitosan Acetate Films by

Moisture Conditioning. Vib. Spectrosc. 2018, 94, 1-6.

Bakar, N.H.H.A.; Ismail, J.; Bakar, M.A. Silver Nanoparticles in Polyvinylpyrrolidone
Grafted Natural Rubber. React. Funct. Polym. 2010, 70, 168-174.

Fernandez-Saiz, P.; Ocio, M.J.; Lagaron, J.M. High-Forming Process and Biocide
Assessment of High-Molecular-Weight Chitosan as Determined by Combined ATR-FTIR

Spectrosopy and Antimicrobial Assays. Biopolymers 2007, 85, 392—-406.

Galed, G.; Miralles, B.; Pafios, |.; Santiago, A.; Heras, A. N-Deacetylation and
Depolymerization Reactions of Chitin/Chitosan: Influence of the Source of Chitin.

Carbohydr. Polym. 2005, 62, 316—320.

Cheung, R.C.F.; Ng, T.B.; Wong, J.H.; Chan, W.Y. Chitosan: An Update on Potential

279



458.

459.

460.

461.

462.

463.

Biomedical and Pharmaceutical Applications. Mar. Drugs 2015, 13, 5156-5186.

Ramos Avilez, H. V.; Castilla Casadiego, D.A.; Vega Avila, A.L.; Perales Perez, O.J.;
Almodovar, J. Production of Chitosan Coatings on Metal and Ceramic Biomaterials.

Chitosan Based Biomater. 2017, 1, 255-293.

Shirosaki, Y.; Nakatsukasa, M.; Yasutomi, S.; Cruz-Neves, S.; Hayakawa, S.; Osaka, A.;
Maeda, T.; Miyazaki, T. Cytocompatible and Antibacterial Properties of Chitosan-
Siloxane Hybrid Spheres. Polymers 2019, 11, 1-11.

Kumamoto, K.; Maeda, T.; Hayakawa, S.; Mustapha, N.A.B.; Wang, M.J.; Shirosaki, Y.
Antibacterial Chitosan Nanofiber Thin Films with Bacitracin Zinc Salt. Polymers 2021,

13,1-15.

Rayane Santa Cruz Martins de Queiroz Antonio, Bianca Rosa Paschoal Lia Fook, V.A. de
O.L. Preparation and Characterisation of Chitosan Obtained from Shells of Shrimp. Mar.

Drugs 2017, 141, 1-12.

Kasaai, M.R. A Review of Several Reported Procedures to Determine the Degree of N-
Acetylation for Chitin and Chitosan Using Infrared Spectroscopy. Carbohydr. Polym.
2008, 71, 497-508.

Boukhlifi, F. Quantitative Analysis by IR: Determination of Chitin/Chitosan DD. In
Modern Spectroscopic Techniques and Applications; IntechOpen: London, 2020; pp. 1-
24.

280



Appendix

Index Description Page Number
Ch.2 (A) Fowke’s Theory example calculation 283
ch.3 (A) General excel formulas used 285
Ch.3 (B) ICPMS standard calibration for testing chromium 286
Ch.3 (C) ICP-MS standard calibration for testing tin 286

Optimisation and selection of CLSM Leica system
Ch.3 (D) settings (gain, threshold, gating, optical z-slice) 287
Calibration for Viability Invitrogen kit using CLSM with
Ch.3 (E) P. aeruginosa, E. coli and S. aureus organisms 290
Evaluation of methods to remove biofilm from a
Ch.3 (F) sample surface 294
(i) Sonication of surface with biofilms in the presence
of surfactants 294
(ii) Agitation of surface with biofilms 295
(iii) Agitation and glass beads of surface with biofilms 297
(iv) Scraping of surface with biofilms 208
Water advancing contact angle measurements after
rinsing, for HDPE sulfuric-chromic acid oxidised at 0, 2,
. 300
Ch.4 (A) 10 and 30 mins
XPS C1s core level scan of 20, 45 and 60 minutes
Ch.4 (B) treated sulfuric-chromic acid HDPE samples 300
Agar disk diffusion results with P. aeruginosa and E.
Ch.4 (C) coli 301
Gating and thresholds used for FC using DiBACa(3)
Ch.4 (D) with P. aeruginosa and dye optimisation 302
Time-progression of sulfuric-acid and UV/ozone using
Ch.4 (E) ATR-FTIR 305

281



Ch.4 (F)

Ch.4 (G)

Ch.5 (A)

Ch.5 (B)

Ch.5(C)
ch.5 (D)

ch.5 (E)

ch.5 (F)

Cch.5 (G)

Ch.5 (H)

Ch.6 (A)

Ch.6 (B)

Ch.6 (C)

Ch.6 (D)

Ch.6 (E)

XPS survey scans of sulfuric-chromic acid oxidised PP,
PC, PVC and PS

XPS survey scan of Cr-oxyhydroxide samples

Refractometry results of Tin-hydrosol A and Tin-
hydrosol B

UV/vis spectroscopy results of tin-hydrosol A and tin-
hydrosol B

DLS Malvern uV zetasizer parameters
DLS Graphs for tin-hydrosol A
DLS graphs for tin-hydrosol B
AFM determination of SnO; nanoparticle size using
cross-section measurements with JPK processing

software

XPS survey scan for Film A and Film B on HDPE and
HDPE 30 minutes sulfuric-chromic acid oxidised

T20 saline delay CLSM viability assay with P.
aeruginosa with SnO; coated HDPE samples

Evaluation of dissolving ZnO nanoparticles in 1%
acetic acid

Contact angle and surface energy results of chitosan-
ZnO films

XPS Survey Scans CS-ZnO Samples
UV-Vis full spectra from ninhydrin assay

ATR-FTIR Values used for the Determination of % DDA
of LMW/MMW CS Powders

282

306

307

310

310

311

313

315

317

318

319

320

321

322

325

327



Chapter 2 Appendix

(A) Fowke’s Theory Example Calculation

Example calculation from a contact angle experiment, Opim: 52.92 ° and Owater: 95.8 °,

Wy, = 2 ( JYLDVYSL; ; qu;) = Y,y (cos6 + 1)
Where Y[}, = 50.8, Y, = 0, and Y;y = 50.8 for DIM

Where Y1, = 51.0, Y{y = 21.8, and Y,y = 72.8 for water

Given that Y, = 0 for DIM, the Y2, can be determined as the equation becomes,

2 Y31 = Yy (cos6+ 1)

Rearranging to make Y, the subject,

<yLV X (c;)s 0 + 1))2/

=YD
A
(50.8 X (cos (52.92) + 1))2
2
508 = Yov
32.6 = Y2,

Now Y2, can be determined from the water contact angle using the calculated Y2, value,

see below.

Ws, = 72.8 (cos95.8+ 1) = 65.4

65.4 = 2< YoYy + YLPVY;;/>

32.7 = /(51)(32.6) + /(21.8)1@?,

3.0 =YE

To calculate Y5y is the sum of Y, and Y22, determined,
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Yoo =Yy + Y&
Yy = 326 + 3.0

Ysy = 35.6
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Chapter 3 Appendix

(A) General Excel formulas used

Average

The AVERAGE function in Excel has been utilised. This is described as the arithmetic
mean (Equation A.1), which is calculated by adding a group of numbers and dividing by

the count of those numbers:

[item 1]+[item 2]+[item 3]...
Total number of items

AVERAGE =

Equation A.1

Standard Deviation

The SD(P) excel formula has been used as a measure of standard deviation (SD) in this
thesis, which is based on the entire population given as arguments (ignores values and
texts) and is a measure of how widely the values are dispersed from the average value

in the data set, Equation A.2:

—¥)2
SD(P) = /Z(xnx) Equation A.2

where x is each value from the population, X is the AVERAGE, and n is the sample size.

Standard Error

Standard error (SE) measures the accuracy with which a sample distribution represents
a population by using the SD determined. The SE has been calculated using the below
equation, Equation A.3. The Excel SQRT function syntax has been used in the

denominator to obtain the SE:
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SD(P
SE = (P) Equation A.3

3

where SD(P) is the SD, and n is the sample size.

(B) ICPMS standard calibration for testing chromium

Calibration was performed using a 23-elemental component reference mixture
(Aristar, Lot. 386065) was used for the standard. Samples contained 2% nitric acid

for ionisation.

1000 —9
°
Q
o | e
o 800
® y=x-5E-14
© — 600 R? =0.9979
e
o o
o=
- 400
2 e
[

S 200 .
- .
o 0 .- &
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Chromium conc. [pg/L ]

Figure A.1 ICPMS standard calibration for testing elemental chromium. The instrument set-up
was carried out by Kaho Cheung, analytical technician at Imperial College London, department

of chemical engineering.

(C) ICP-MS standard calibration for testing tin

Calibration was performed using standards prepared with SnCl;.2H,0 starting
reagent from serial dilution with DI water to the required calibration concentrations of

1, 10, 100, 500 and 1000 ppb. Samples contained 2% nitric acid for ionisation.
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Figure A.2 ICP-MS calibration standards used to determine the concentration of Sn in rinsed
washings from SnO; thin-film coatings on HDPE and sulfuric-chromic acid oxidised HDPE. The
standards were pre-prepared, and the instrument set-up was carried out by Kaho Cheung,

analytical technician at Imperial College London, department of chemical engineering.

(D) Optimisation and selection of CLSM Leica systems settings (gain,

threshold, gating and optical z-slice)

Samples were prepared as outlined in Section 3.4.5 (Viability Assay for Early-stage
Biofilm Viability Imaging). Four samples of HDPE (unmodified) were used in this
experiment, whereby two samples were exposed to P. aeruginosa early-stage biofilm,
and two samples were kept as controls that were exposed to the stains in the absence
of P. aeruginosa. To find the most optimal threshold (TH), the TH was modulated from
60, 70, 80, 90, 100, 110 and 120, at varying gains settings from 10 to 200 to yield the
signal-to-noise ratio (S:N). TH values of 90 and 110 show the best S:N ratio for Syto™9,
and TH values of 80 and 90 shows the best S:N ratio for Pl under these conditions for P.
aeruginosa tested. Overall TH 90 provides a good signal to noise ratio for both Syto™9
and Pl separate channels. It is important for the PI S:N to be optimal as these values are
generally low in signal for the controls and some samples and as a result can be affected

heavily by error.
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| syto™o PI | syto™9 PI
TH:60 | Gain {S:N) (5) TH:70 | Gain {S:N) (S10)
10 0.0 0.5 10 0.00 0.50
50 | 18445 0.0 50 0.00 0.00
100 = 700.5 10.7 100 = 70049 | 10.65
150 | 119.9 2.4 150 = 119.85 | 237
200 15.7 1.2 200 15.72 1.23
. Syto™9 Pl . Syto™9 Pl
TH: 80 Gain (S:N) (S:N) TH:90 | Gain (S:N) (S:N)
10 0.0 05 10 0.0 0.00
50 0.0 0.0 50 0.00 0.00
100 = 7005 = 127.8 100 = 20259 @ 127.8
150 | 121.1 23 150 = 6435 9.8
200 1228 23 200 124.0 23
| syto™9 PI | Syto™9 PI
TH:100  Gain ‘(/S:N) (S) TH: 110 = Gain ‘(,S:N) (S)
10 0 05 10 0.0 0.0
50 0 0 50 0.0 0.0
100 = 43550 @ 89.0 100 = 43550 @ 89.0
150 = 643.5 9.8 150 | 6435 9.8
200 @ 1240 23 200 124.0 23
) . Syto™9 P
TH:120  Gain | Cic (SN)
10 05 05
50 0 0
100 @ 962.4 0
150 | 30722 | 1227
200  810.9 108

Table A.1 Modulation of gain from 10 to 200 at TH (threshold) 60 to 120. The gating was kept
constant at 3 ns delay. The best value for signal-to-noise (5:N) ratio in each instance has been

highlighted in grey.

At 100 gain and threshold 90, the gating was modulated from 0 ns delay to 4 ns delay

to determine the best setting. We found that 2 ns delay showed the best result overall,

therefore this was used as the setting moving forward and kept constant.

288



Syto™9 | PI
Gating delay (ns)

(S:N) (S:N)
0 12446 | 42.2
1 1381.7 50.8
2 1350.8 81.9
3 837.2 48.8
4 1032.7 65.2

Table A.2 Modulating gating to determine best setting for gating using the Leica CLSM. The
threshold was kept at 90 and the gain at 100 for both Syto™9 and Pl channels.

CLSM optical z-slice utilised for imaging can be modulated, larger optical slices cause
the pinhole to be widened and in turn reducing its resolution and capturing unwanted
noise. Therefore, the chosen optical slice was a compromise between visual clarity and
sampling most of the early-stage biofilm to be analysed which was decided as 10 um
optical slice at 25x magnification using a hydrated/wet lens. Obtaining biofilm stacks
was disregarded as it is time consuming and would cause great variability in sampling
due to time delays caused by the stack measurement itself and the large volume of
samples and repeats that were needed to be evaluated, as well as the restricted access
available to the CLSM. Analysis of this chosen setting (10 um) was performed for HDPE
untreated exposed to P. aeruginosa early-stage biofilm at 1 um increment stacks which

showed that 10 um roughly encompassed 83% of the biofilm.

30

: S
1 i I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Increasing by 1 um in DZ stack

% Area occupied (Syto™9)
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Figure A.3 Stacks of 1 um increment was obtained from 0 to 200 for early-stage P. aeruginosa
biofilm. Orange bars represents the 10 um that would be captured, and the blue represents the

region excluded, TH 90, gating 2 ns, gain 100.

(E) Calibration for Viability Invitrogen kit using CLSM with P.

aeruginosa, E. coli and S. aureus organisms

Calibration studies have been performed to validate that the stains used in the
viability assay does show a difference when known concentrations of live and dead
bacteria are prepared and stained. Initially it was found that simply placing a solution
mixed with a set amount of live and dead cells on a reference inert surface did not show
representative changes in ratios of Syto™9/PI because the dead bacteria did not stick
well to a ‘non-active’ surface compared to the live bacteria. For example, if you were to
place a solution of 90% dead bacteria on a surface, and therefore it would appear as
though the surface had a lot of living surface bound bacterial cells as the dead bacteria

did not adhere.

To overcome this issue, suction filtration was used to draw down all the bacteria in
solution onto a filter paper, the inner filter lining was soaked in media (100% tryptic soy

broth) solution prior to prevent bacteria from dying from dehydration during filtration,

see photos below.
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Figure A.4 Photos taken to show how the filter system was set up for calibration experiments

for the CLSM viability assay.

The method was adapted from the usage manual of the probes by suppliers (Invitrogen)
for the LIVE/DEAD ® BacLight Kit L7012. Sample bacteria (30 uL) was extracted from a
cell bank and placed in 100% tryptic soy broth (TSB) (30 mL) overnight at 32.5° C as
advised. After 18-24 hr, the inoculant was split into two centrifuge vials and centrifuged
for 15 min at 3500 min'l. The supernatant was removed, saline (20 mL) was added to
one and 70% isopropyl alcohol (IPA) (20 mL) was added to the other; the IPA treated
batch formed the ‘dead’ batch of bacterial cells. These were incubated for 1 hour at
32.5 C with constant shaking. Both vials were centrifuged again (3500 min?), the
supernatant was removed and saline (15 mL) was added to both. A UV-Vis
spectrophotometer was used to prepare 0.2 optical density (OD) at 600 nm wavelength
for each sample, found to correspond to 4.9 x 10’ CFU/mL after 15 hr of growth on agar
plates. Different concentrations of mixtures of live and dead bacteria were prepared
from 0 to 100% viability (1 mL total volume). Syto™9 (1.5 uL) and PI (1.5 L) was added
to each mixture and left for 5 min prior analysis was to be performed in the dark. To this
solution, saline was added (10 mL) and the solution was filtered in a sterile suction filter
(0.45 um pore) with inner sponge lining soaked in 100% TSB for 3-4 hr prior use as P.
aeruginosa viability reduces significantly when dehydrated without this step. After the
sample was filtered, the filter was imaged using the CLSM to image bound cells at the
surface of the filter. Image-J (FlIJI) and Comstat 2.1 was used for the conversion to ometif

and analysis of threshold and percentage surface area coverage of the cells in the
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images captured with optical section set to 10 um in thickness, 1024 x 1024 resolution

with a 25x magnification lens.
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Figure A.5 Calibration Curve for P. aeruginosa performed using suction filtration and imaged

CLSM, where (a) provides the ratio of Syto™9/Pl, (b) Syto™9 channel only, (b) Pl channel only.

N=5 (number of biological repeats on separate occasions), +/- SE, data analysed using Image J

with the Comstat 2.1 plugin, 1024 x 1024 pixel resolution with a 25x Magnification.
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Figure A.6 Calibration Curve for S. aureus (ATCC 6538) performed using suction filtration and
imaged CLSM, where (a) provides the ratio of Syto™9/Pl, (b) Syto™9 channel only, (b) Pl channel
only. N=5 (number of images taken), +/- SE, data analysed using Image J with the Comstat 2.1

plugin, 1024 x 1024 pixel resolution with a 25x Magnification.
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Figure A.7 Calibration Curve for E. coli (ATCC 10536) performed using suction filtration and
imaged CLSM, where (a) provides the ratio of Syto™9/PI, (b) Syto™9 channel only, (b) Pl channel
only. N=2 (number of biological repeats), +/- SE, data analysed using Image J with the Comstat

2.1 plugin, 1024 x 1024 pixel resolution with a 25x magnification.

(F) Evaluation of methods to remove biofilm from a sample surface

(i) Sonication of surface with biofilms in the presence of surfactants

Selected reference samples were used to assess the effectiveness of sonication to
remove the early-stage biofilm of P. aeruginosa via CLSM imaging. Pre-sonication
procedure follows the IAA, which experimental method has been given in Chapter 3
under sub-section 3.3.4. For the post-sonication procedure, P. aeruginosa was cultured
overnight in 100% TSB, the solution was diluted to 0.2 OD (600 nm, 4.9 x 10’ CFU/mL)
with 100% TSB. 200 pL of the suspension was pipetted onto a surface and left static for
30 mins. The surface was then rinsed in 3 beakers of water (100 mL, 4.5cm?/s) to remove
planktonic cells. The samples were placed face-down in MLBTL (modified letheen broth
with tween and lecithin) surfactant solution. The MLBTL solution containing the samples
were sonicated for 10 mins at RT in aims of removing the early-stage P. aeruginosa
biofilm. The samples were extracted and placed on a flat bench-top, 200 pL of Syto™9
(5 mM) probe solution in 1/1000 was pipetted onto the biofilm and left for 5 mins in
the dark. The probe solution was expunged using a tissue (avoiding surface contact) and
replaced with water (200 uL) for hydrated dip-lens CLSM imaging of the biofilm. Image-
J (FIJI) and Comstat 2.1 software were used for the conversion to ome-tiff format and
analysis of threshold and percentage surface area coverage of the cells in the images
captured with optical imaging section set to 10 um in thickness, with a 1024 x 1024 pixel

resolution using a 25x magnification liquid lens.
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Figure A.8 CLSM sonication assay using Syto™9 with P. aeruginosa, the samples were imaged
pre- and post- sonication to determine the effectiveness of this approach in removing the biofilm.
Example images of HDPE 10 mins sulfuric-chromic acid oxidised with Film B coating has been

provided beneath, scale bar showing 100 um.

(ii) Agitation of surface with biofilms

Stainless-steel holders were bespoke manufactured to hold the HDPE coupons
within a 24-well plate as HDPE floats. These were manufactured by the Imperial
workshop, in the Chemical Engineering department at Imperial College London. This
set-up was utilised for the purpose of ensuring the HDPE surfaces are hydrated and
suspended in the centre of each well for maximised exposure for biofilm maturation to
form an early-stage biofilm, in a suspension of media. Images of the holders can be

found below.
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Figure A.9 Sample holders for OD-plate reader experiment for evaluation of early-stage

biofilm viability.

Selected reference samples were used to assess the effectiveness of sonication to
remove the early-stage biofilm of E. coli via CLSM imaging. E. coli (Mg 1655 with Plasmid
Pet33Bt) was cultured overnight in LB containing 0.1% kanamycin, the solution was
diluted to 0.05 OD with LB containing 0.1% kanamycin. 1 mL of this solution is added to
a 24-well plate, the ring holders containing the sample are placed inside the well using
sterile tweezers, and a further 1 mL of this solution is added. The plate was placed in a
static incubator for 30 mins at 37 °C for early-stage biofilm maturation. The samples
were taken out and placed into a fresh 24-well plate containing 1 mL of PBS, after a
further 1 mL of PBS was added on top (total volume 2 of PBS 2 mL). 1 mL was suctioned
from the well using a pipette and a further 1 mL of PBS added, to rinse the planktonic
cells. The samples were removed from the holders and placed into a new 24-well plate
(500 pL with 0.1% kanamycin), this was placed in a shaker incubator for 2 h under
agitation at 37 °C. The resultant solutions were collected and placed in a fresh 24-well

plate, and recorded on an OD-plate reader for 12 h.
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Figure A.10 Results of HDPE modified samples from the use of agitation within an OD plate
reader, a shaker incubator was used to dislodge the early-stage biofilm of E. coli. Results are an
average of two biological repeats conducted on separate days, blank corrected, with 3 samples

each, +/- SE.

(iii) Glass beads of surface with biofilms

Selected reference samples were used to assess the effectiveness of sonication to
remove the early-stage biofilm of E. coli via CLSM imaging. E. coli (Mg 1655 with Plasmid
Pet33Bt) was cultured overnight in LB containing 0.1% kanamycin, the solution was
diluted to 0.05 OD with LB containing 0.1% kanamycin. 1 mL of this solution is added to
a 24-well plate, the ring holders containing the sample are placed inside the well using
sterile tweezers, and a further 1 mL of this solution is added. The plate was placed in a
static incubator for 30 min at 37 °C for early-stage biofilm maturation. The samples were
taken out and placed into a fresh 24-well plate containing 1 mL of PBS, after a further 1
mL of PBS was added on top (total volume 2 of PBS 2 mL). 1 mL was suctioned from the
well using a pipette and a further 1 mL of PBS added, to rinse the planktonic cells. The
samples were removed from the holders and placed separately into scintillation vials,
containing fresh LB media and 0.1% kanamycin (500 pL). 3 beads/6 beads glass beads
(5 mm diameter) were added to each scintillation vial. This was vortexed at high speed
for 20 sec. The resultant solution was pipetted into a fresh 24-well plate and recorded

on an OD-plate reader for 12 h.
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In addition to this, a set of samples included were not PBS rinsed to determine the

efficacy of PBS washing in dislodging in removing the planktonic cells.
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Figure A.11 The OD-plate reader results from the use of glass beads to remove the early-stage
biofilm. Planktonic samples refer to samples that do not under-go the PBS washing steps,
where in (a) 3 beads used, (b) 6 beads used. Raw data provided, results are an average of 3

samples each at each time interval.

(iv) Scraping of surface with biofilms

Selected reference samples were used to assess the effectiveness of sonication to
remove the early-stage biofilm of P. aeruginosa via CLSM imaging. P. aeruginosa (NCTC
12924) was cultured overnight in 100% TSB, the solution was diluted to 0.2 OD (600 nm,

4.9 x 107 CFU/mL) with 100% TSB. 200 pL of the suspension was pipetted onto a surface
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and left static for 30 mins. The surface was then rinsed in 3 beakers of water (100 mL,
4.5cm?/s) to remove planktonic cells. 200 pL of Syto-9™ (5 mM) probe solution in
1/1000 was pipetted onto the biofilm and left for 5 mins in the dark. The probe solution
was expunged using a tissue (avoiding surface contact) and replaced with water (200
uL) for hydrated dip-lens CLSM imaging of the biofilm. Image-J (FIJI) and Comstat 2.1
software were used for the conversion to ome-tiff format and analysis of threshold and
percentage surface area coverage of the cells in the images captured with optical
imaging section set to 10 um in thickness, with a 1024 x 1024 pixel resolution using a
25x magnification liquid lens. 1 mL of PBS was placed on the surface, a cell-scraper was
used to lift the biofilm off and re-suspend it into the PBS solution, the PBS solution was
extract, this was repeated once more in the aim of removing the early-stage biofilm

from the surface. The samples were imaged again, using 200 uL of water and a wet-lens

B Pre-scraping
B Post-scraping
I | [ |

HDPE HDPE 30 HDPE Film A HDPE FilmB  HDPE 30-Film A HDPE 30-Film B

to obtain the post-scraping images.
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[
o

0o

(o)}

IN

N

(% Area occupied in layers)
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P. aeruginosa stained with
Syto™9

HDPE Samples

Figure A.12 CLSM imaging used to evaluate the scraping method of the early-stage biofilm using

Syto™9 with P. aeruginosa, the samples were imaged pre- and post- scraping.
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Chapter 4 Appendix

(A) Water advancing contact angle measurements after rinsing, for

HDPE sulfuric-chromic acid oxidised at 0, 2, 10 and 30 min

Test samples were vertically dipped into three containers of deionized water (30 mL)
sequentially by hand, this rinsing was monitored at 3 secs per rinse and left to air dry
before being measured for water advancing contact angle measurements. The data
was collected using a Kriiss Drop Shape Analyzer (DSA25) with the Advance Software
with an automated liquid dispenser operating at 2.67 plL/s. An initial droplet of 5 uL was
used, and this was increased by a series of 1 uL aliquots to record the advancing contact
angle. The advancing contact angles reported were an average of the right- and left-
hand side of the contact angles using the tangent setting from the software and

consisted of a minimum of 3 different droplets (N>3), +/- SE.

Sulfuric-chromic acid Original (°) Further Rinsed (°)
submersion time
(min)
0 91.7+/-1.4 90.3 +/- 1.3
2 51.7+/-2.8 50.9 +/- 2.7
10 46.4 +/-1.5 458 +/-1.3
30 46.0 +/-1.2 46.7 +/-1.5

Table A.3 Water advancing contact angle of HDPE surfaces upon sequential rinsing for sulfuric-

chromic acid oxidised fresh samples.

(B) XPS C1s core level scan of 20, 45 and 60 minute treated sulfuric-
chromic acid HDPE samples

XPS was performed using high-resolution X-ray photoelectron spectroscopy (XPS),
with the Thermo Scientific K-Alpha* instrument at 2x 10° mbar base pressure. This
instrument used a monochromated micro-focused Al Ka X-ray source (hv= 1486.6 eV)
and a 180° double-focusing hemispherical analyser accompanied by a 2D detector. The

X-ray source operated at 6 mA emission current and 12 kV anode bias thus obtaining a

300



spot size of 400 um?. An electron flood gun was used to minimize the sample charging
that occurs when exposing an insulated sample to an x-ray beam. Charge neutralization
was deemed to have been achieved by monitoring the energy of the C 1s signal of
adventitious carbon present. All XPS spectra were recorded using the Advantage Data

System software as was the quantification analysis.

(a) (b) ()

40000 30000

30000 30000
20000

20000 20000

Counts (s)
Counts (s)

10000 10000 10000

0

0 0

200 288 286 284 282 200 288 286 284 282 290 288 286 284 282

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure A.13 XPS core level C 1s scan of HDPE oxidised with sulfuric-chromic acid solution at 70

°C with (a) 20 min, (b) 45 min and (c) 60 min submersion time periods.

(C) Agar disk diffusion results with P. aeruginosa and E. coli

Agar disk diffusion was performed using P. aeruginosa (PA01) and E. coli (Mg1655)

on HDPE untreated and HDPE 30 min oxidised with sulfuric-chromic acid treatment.

HDPE control HDPE 30 minute

E. coli

P. aeruginosa
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Figure A.14 Agar disk diffusion assay to determine leaching of any antimicrobial reagents from

the surface against E. coli (Mg1655) and P. aeruginosa (PAO1).

(D) Gating and thresholds used for FC using DiBAC4(3) with P.
aeruginosa and dye optimisation

Forward scatter (FSC) and side scatter (SSC) are signals generated from the scattering
or refraction of the laser light by the cell or particle being measured during the
experiment. To minimise the influence of noise (bubbles/debris/electronic noise) as the
bacteria are very small and can be found at the lower end of the detection limits (1-2
um in size), a gate (R2) was prepared based on controls in the FSC and SSC plot. These

controls can be seen below.

= Side Scatter

SSCH
SSC.H - Side Scatter

1 2 o'
1) w
FSC-H :: Forward Scatter FSC-H :: Forward Scatter FSC-H :: Forward Scatter FSC-H: Forward Scatter

PBS Blank PBS with Pa cells PBS with dye

No Pa cells and no dye No dye No Pa cells PBS with dye and Pa cells

Figure A.15 Gating of forward and FCS and SSC plots named R2, with DiBAC4(3) as the dye.

This gating was then used during dye calibration studies to determine the concentration
of dye for the experiment. Calibration/titration was important to achieve optimal signal
to noise, for example to achieve good separation between close signals. The calibration
studies were conducted at high and low concentrations of Pseudomonas aeruginosa (at
high and low optical densities) as the number of recovered cells from biofilm studies
can be varied. Increasing DiBAC4(3) showed that 0.625 pg/L provided the best staining
of the cells without largely shifting the control peak (peak for unstained cells)

significantly, and provided significant separation between peaks.
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Figure A.16 Histogram plots of DiBAC4(3) stained P. aeruginosa with increasing dye amount for

high concentrations of bacterial cells (P. aeruginosa OD 1 at 600 nm in PBS buffer solution). The

concentration of dye used is provided underneath each histography graph.
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Figure A.17 Histogram plots of DiBAC4(3) stained P. aeruginosa with increasing dye amount for

low concentrations of bacterial cells (P. aeruginosa OD 0.05 at 600 nm in PBS buffer solution).

The concentration of dye used is provided underneath each histography graph.
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(E) Time-progression of sulfuric-acid and UV/ozone using ATR-FTIR

(a) HDPE UV/ozone oxidised
100

80

60

40

% Transmission

20

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm1)

—— HDPE untreated 10 mins —— 20 mins

(b) HDPE sulfuric acid (95 °C) oxidised
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L i
Y
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% Transmission
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Figure A.18 ATR-FTIR of (a) HDPE UV/ozone oxidised and (b) HDPE sulfuric acid oxidised at

different exposure periods.
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(F) XPS survey scans of sulfuric-chromic acid oxidised PP, PC, PVC and
PS

(a) PP
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(d) PC
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Figure A.19 XPS survey scans of polyolefins untreated and oxidised with sulfuric-chromic acid for

30 mins, for samples (a) PP, (b) PVC, (c) PS and (d) PC.

(G) XPS survey scan of Cr-oxyhydroxide samples

XPS was performed as outlined in Chapter 3, Cr-oxyhydroxide powders were stuck

to carbon tape to be measured.

(a) Cr-oxyhydroxide (CrO(OH).2H,0) powder
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(b) Cr-oxyhydroxide (CrO(OH).2H,0) powder HT
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(e) HDPE oxidised with Cr-oxyhydroxide (CrO(OH).2H,0)
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(f) HDPE oxidised with Cr-oxyhydroxide (CrO(OH).2H20 HT
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Figure A.20 XPS full survey scans of Cr-oxyhydroxide samples (a-f) and control (g). HDPE oxidised

refers to HDPE that has been pre-treated with UV/ozone and sulfuric acid heated oxidation

treatment.
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Chapter 5 Appendix

(A) Refractometry Results of Tin-hydrosol A and Tin-hydrosol B

A Ceti Convex bench-top refractometer was employed, measured at RT (22 °C).

Tin-hydrosol A Tin-hydrosol B

1.3334 1.3330

Table A.4 Refractive index measured, results are an average of 5 repeats, +/- 0.0002 for both

(standard deviation).
(B) UV/vis spectroscopy results of tin-hydrosol A & tin-hydrosol B

Instrument absorbance reliability is limited to no more than 2, therefore the
samples were diluted from the original concentration prepared to obtain reliable
spectra. The results show little to no absorption at 830 nm for tin-hydrosol A and
therefore this was designated the lowest possible absorbance value permitted by the

instrument (0.001), and little absorption for tin-hydrosol B of ca. 0.1.
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2
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©
E 15
[
3 ——Tin-hydrosol A
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3 ——Tin-hydrosol B
<<
0.5
0
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Wavenumber (cm?)

Figure A.21 For tin-hydrosol A the solution had to be diluted 1/50 and for tin-hydrosol B the

solution diluted 1/20 to obtain absorbance values less than 2.
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(C) DLS Malvern pV Zetasizer parameters

The following information has been largely sourced from the instrument manual
for the Malvern uV Zetasizer. The detected light by randomly scattered particles
gives a fluctuating intensity signal. The intensity will change over time as particles
continue to diffuse in solution. The speed of intensity fluctuations relates to the
particles diffusion rate. Therefore, smaller particles give rise to more rapid intensity
fluctuation as they diffuse more quickly. Random fluctuations are interpreted in
terms of the autocorrelation function which can be used to determine the diffusion
coefficient (D), this is achieved by comparing the intensity signal at short intervals
and comparing to see if the signals are weakly or strongly correlated and thus the
correlation reduces with time to give a decay in relation to the first reported
intensity signal. This decay is interpreted to give D. The Stokes Einstein equation is
then used to obtain the radius (R) of your particle using the D obtained. See the

below equations.

Equation Name Equation Key

g(1), correlation function
B, baseline of the correlation function

Correlation function . . .
B, correlation function amplitude at zero

for a monodisperse g(t) =B+ Be " delay
sample I', decay rate
7, Time delay (t+6t)
r D, Stokes Einstein’s Diffusi fficient
Decay rate '=Dg?D = x okes Einstein s. iffusion coefficien
q, Scattering vector
_A4mn 0 0, Scattering angle
Scattering vector q PR n, refractive index
A, incident laser wavelength
k, Boltsmann’s distribution,
Stokes Einstein’s — kT 1, Solvent viscosity
Equation 6mmR T, Temperature (kelvin)

R, Radius

Table A.5 Equations utilised in the determination of particle size using DLS.

The polydispersity index (PDI) is determined from the fit of a polynomial to the log
of the correlation function. The provides a cumulant analysis to give data on sample
heterogeneity. The coefficients are determined using solvent viscosity and

instrumental constants that have been unspecified. The coefficient of the squared
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term c is the PDI. The value of b is the second order cumulant and is the z-average

diffusion coefficient.

In[g(t)]=a+bt+ct?+di3 +et*+ -

2c

PDI = ¥
To elucidate a definition for the number and volume distributions from DLS a
presumed scenario has been provided as follows; a sample of solution containing
equal quantities (1:1) of 5 and 50 nm particles will show a number distribution as
equal peaks at 5 nm and 50 nm diameters, whereas a volume distribution will give
1000 times larger peak for the 50 nm than the 5 nm. This is because the volume
distribution provides the volume of space occupied by a particle at a particular size,
which for the 50 nm sized particles gives an area that is 1,000,000 times larger (1:
1,000,000 ratio). See below for a graphical illustration. The volume and number
distribution are calculated from the intensity distributions that can also be obtained

from DLS.

Number Volume
7] [7)]
[7}] n
v 1 1 S 1000
[&] [&]
= £
X X
o [
= =
© ©
[ © 1
o o
5 10 50 100 5 10 50 100
Diameter (nm) Diameter (nm)

Figure A.22 Hypothesised DLS data of a 1:1 sample containing 5 nm and 50 nm particles,

obtained from the instrument manual.
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(D) DLS graphs for Tin-hydrosol A

- Batch 1 (Number distribution)

System
Temperature (°C): 19.9 Duration Used (s): 60
Count Rate (kcps): 290.6 Measurement Position (mm): 3.00
Cell Description: Disposable low volume c... Attenuator: 0
Results
Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 32.34 Peak 1: 14.27 100.0 4.369
Pdl: 0.257 Peak 2:  0.000 0.0 0.000
Intercept: 0.879 Peak 3: 0.000 0.0 0.000

Result quality Good
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- Batch 1 (Volume distribution)
System
Temperature (*°C): 19.9 Duration Used (s): &0
Count Rate (kcps): 290.6 Measurement Position (mm): 3.00
Cell Description: Disposable low volume cuv... Attenuator: 0
Results
Size (d.nm): % Volume: St Dev (d.nm):
Z-Average (d.nm): 32.34 Peak 1: 19.77 99.9 9.400
Pdl: 0.257 Peak 2: 4656 0.1 995.5
Intercept: 0.879 Peak 3:  0.000 0.0 0.000

Result quality Good
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- Batch 2 (Number distribution)

System
Temperature (°C): 20.1 Duration Used (s): &0
Count Rate (kcps): 294.2 Measurement Position (mm): 3.00
Cell Description: Disposable low velume c... Attenuator: 0
Results
Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 32.51 Peak 1: 13.80 100.0 4.092
pdl: 0.328 Peak2:  0.000 0.0 0.000
Intercept: 0.880 Peak 3: 0.000 0.0 0.000
Result quality Good
Size Distribution by Number
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- Batch 2 (Volume distribution)

System
Temperature ("C): 20.1 Duration Used (s): &0
Count Rate (kcps): 294.2 Measurement Position (mm): 3.00
Cell Description: Disposable low volume cuv... Attenuator: 0
Results
Size (d.nm): % Volume: St Dev (d.nm):
Z-Average (d.nm): 32.51 Peak 1: 18.81 99.9 9.072
pdl: 0.328 Peak 2: 3532 01 1440
Intercept: 0.880 Peak 3: 0.000 0.0 0.000
Result quality Good
Size Distribution by Volume
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Figure A.23 DLS results (Zetasizer uV instrument, Malvern Panalytical) for tin-hydrosol A showing

the number and volume distribution results for two samples prepared separately, Batch 1 and

Batch 2.
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(E) DLS Graphs for Tin-hydrosol B

Batch 1 (Number distribution)

System
Temperature (°C): 20.1 Duration Used (s): 60
Count Rate (kcps): 315.4 Measurement Position (mm): 3.00
Cell Description: Disposable low volume c... Attenuator: 0
Results
Size (d.n... % Number: 5t Dev (d.n...
Z-Average (d.nm): 50.39 Peak 1: 23.66 100.0 6.860
Pdi: 0.264 Peak 2:  0.000 0.0 0.000
Intercept: 0.863 Peak 3: 0.000 0.0 0.000
Result quality Good
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Z-Average (d.nm): 50.39 Peak 1: 31.57 99.4 14,39
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Result quality Good
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- Batch 2 (Number distribution)

System
Temperature (°C): 19.9 Duration Used (s): &0
Count Rate (kcps): 280.0 Measurement Position (mm): 3.00
Cell Description: Disposable low volume ¢... Attenuator: 0
Resuits
Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 50.36 Peak 1: 2186 100.0 6.729
Pdi: 0.252 Peak 2: 0.000 0.0 0.000
Intercept: 0.862 Peak 3: 0.000 0.0 0.000

Result quality Good
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Results
Size (d.nm): % Volume: St Dev (d.nm):

Z-Average (d.nm): 5036 Peak 1: 30,59 99.3 14.96
Pdi: 0.252 Peak 2: 4513 0.7 1083
Intercept: 0.862 Peak 3: 0.000 0.0 0.000

Result quality Good
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Figure A.24 DLS results (Zetasizer uV instrument, Malvern Panalytical) for tin-hydrosol B showing
the number and volume distribution results for two samples prepared separately, Batch 1 and

Batch 2.
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(F) AFM determination of SnO2 nanoparticle size using cross-section

measurements with JPK processing software

The height shows the most accurate representation of size, and in this instance,
we see 10 nm size observed for this particle being measured, from a HDPE surface with

Film B. AFM settings can be found in Chapter 3.

Height

Delete | |  Clear

Figure A.25 AFM analysis of particle size based on cross-sectional height evaluation to

determine the diameter from utilising z-scale.
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(G) XPS survey scan for Film A and Film B on HDPE and HDPE 30

minutes sulfuric-chromic acid oxidised
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(d) 30 min sulfuric-chromic HDPE with Film B
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Figure A.26 XPS survey scan of SnO, coated HDPE samples, where (a) Film A, (b) Film B, (c) 30
min oxidised Film A and (d) 30 min oxidised Film B.

(H) T20 saline delay CLSM viability assay with P. aeruginosa with

SnO; coated HDPE samples

Bacterial preparation Bacterial dilution Surface inoculation
Bacteria cultured in media to 5| Microbes diluted to 0.2 OD 5| 200 uL pipetted onto surface.
proliferate overnight at 32.5 °C using UV-Vis Spectroscopy. “| Incubated at RT for 30 min for
oven/incubator. bacterial surface attachment.
)\
s e
Ny =
Data capture / Bacteria nuclear staining 5 @ Rinsing unbound bacteria
Microscopy surface measurement ==y 200 ulL probe solution (3/1000) Surface rinsed in DI water (3x
taken - 25x wet lens, 6.76 AU (10 |€ dilution in DI water of 1:1 [€ beakers) to remove unbound
uL optical section), 1% laser (Syto-9:Pl) was pipetted onto To bacterial cells.
power, HyBr Detector 100%, 1024 surface and left for 5 mins.
x 1024 resolution. DI water used y y Y™
to view sample through wet lens. T,
S measurements taken per sample N\
at random positions. S .
A
e Increase in bacteria-surface
‘ é contact time
200 ul of saline was pipetted onto

solution, left for x mins. Saline
removed using tissue from edge of
sample.

Figure A.27 Step-by-step flow chart illustrating the surface viability assay using the LIVE/DEAD
Baclight kit for early-stage biofilm viability evaluation, with Tx as 20 min delay experiment

with exposure to sterile saline.
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Chapter 6 Appendix

(A) Evaluation of ZnO nanoparticle dissolving in 1% acetic acid

Concentration Photograph Observation
0.5gZn0 ' clear solution,
dissolved
0.75g clear solution,
dissolved
1g partially dissolved
3g partially dissolved

Table A.6 Solubility evaluation of commercial ZnO in 1% acetic acid, 100 mL total volume.
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(B) Contact angle and surface energy results of chitosan-ZnO films

Polymer Zno NaOH- Water DIM
(/100 Solvent contact | contact Ysv
(x/100 mL HW
solvent) mL (100mL) Yes/No angle angle (mi/m?)
solvent) (°) (°)
LMWO.1g 0 L 13.0 +/- 53.1 77.0 +/-
1 chitosan- 0.2 1% acetic acid No 1 +/-3.0 05
MMWO0.1g 0 L 45.8 +/- 37.9 52.7 +/-
2 chitosan 0.2 1% acetic acid No 40 +-11 )8
LMWO.1g 0 L 60.1 +/- 431 45.4 +/-
3 chitosan 0.2 1% acetic acid Yes 51 +/-33 29
MMW O0.1g o . . 41.4 +/- 29.3 56.4 +/-
4 chitosan 0.2 1% acetic acid Yes 3.9 421 26
LMW 15¢g o . . 79.8 +/- 45.1 36.9 +/-
5 chitosan 0.2 1% acetic acid No 9.6 +/0.8 50
MMW 15¢ o . . 79.7 +/- 26.5 46.9 +/-
6 chitosan 0.2 1%aceticacid | No 187 | +/-30 142
LMW 1.5g . . 39.24/- | 22.8 | 582+/-
7 chitosan 0.2 1% acetic acid Yes )1 +/- 06
MMW 15¢ o . . 61.1+/- 32.9 45.3 +/-
8 chitosan 0.2 1% acetic acid Yes 9.7 +-18 49
LMW 1.75¢g o . . 12.5 +/- 52.9 77.1+/-
9 chitosan 0 1%aceticacid | No 15 | +/-18 1.4
MMW 1.75 g o . . 26.8+/- 56.1 70.1 +/-
10 chitosan 0 1% aceticacid | No 05 | +/-13 1.0
LMW 1.75¢g o L 91.0 +/- 52.3 35.6 +/-
11 chitosan 0.75 1% acetic acid No 31 +/-07 17
MMW 1.75 g o L 80.4 +/- 53.0 32.3 +/-
12 chitosan 0.75 1% acetic acid No 35 +/-1.0 11
LMW O0.5g o . . 34.5 +/- 48.3 61.7 +/-
13 chitosan 0 10% acetic acid No 26 +/-3.0 27
LMWO0.5g o L 60.7 +/- 54.2 40.7 +/-
14 chitosan 1.5 10% acetic acid No 26 +-11 20
LMW 1g o . . 37.4 +/- 50.4 59.7 +/-
15 chitosan 0 10% acetic acid No 0.8 +/-0.9 05
LMW 1g o L 51.5 +/- 55.4 48.1 +/-
16 chitosan 1.5 10% acetic acid No 19 +/-0.7 18
17 MMW 5%v PVP 0 | 10%aceticacid No | 122 SL1 7654/

11 +/-0.7 0.7
43.8 +/- 38.0 54.1 +/-

. o .
18 | MMW 5%v PVP 1.5 10% acetic acid No 27 +/-1.2 20

Table A.7 Water and DIM advancing contact angle results, and the corresponding surface free

energy, calculated using Fowke’s Theory.
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(C) XPS Survey Scans of CS-ZnO Samples

(1) LMW 0.1 g chitosan - 0.2 g ZnO - 1 % acetic acid

1200 1000 800 600 400 200
Binding Energy (eV)
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0.00E+00
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(2) MMW 0.1 g chitosan- 0.2 g ZnO - 1 % acetic acid

1200 1000 800 600 400 200
Binding Energy (eV)
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(5) LMW 1.5 g chitosan - 0.2 g ZnO - 1 % acetic acid

1200 1000 800 600 400 200
Binding Energy (eV)
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(6) MMW 1.5 g chitosan - 0.2 g ZnO - 1 % acetic acid

1200 1000 800 600 400 200
Binding Energy (eV)
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(7) LMW 1.5 g chitosan - 0.2 g ZnO - 1% acetic acid - NaOH-HW
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(8) MMW 1.5 g chitosan - 0.2 g ZnO - 1 % acetic acid - NaOH HW
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(9) LMW 1.75 g chitosan - 1% acetic acid
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(10) MMW 1.75 g chitosan - 1 % acetic acid

— e —\
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11) LMW 1.75 g chitosan - 0.75 g ZnO - 1% acetic acid
( g g

1200 1000 800 600 400 200
Binding Energy (eV)
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(12) MMW 1.75 g chitosan - 0.75 g ZnO - 1% acetic acid
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(17) PVP film - 10% acetic acid
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(18) PVP-1.5 g ZnO - 10% acetic acid
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Figure A.28 XPS survey scan of CS-ZnO coatings outlined in Table 6.2 in Chapter 6.
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(D) UV-Vis full spectra from ninhydrin assay

(a) HDPE control

Wavelength (nm)
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(d) LMW 1.5 g CS - 0.2g ZnO

Absorbance (Au)
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(e) LMW 1.75g CS - 1.75g ZnO
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(f) MMW 1.75g CS - 1.75g ZnO
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Figure A.29 UV-vis spectrophotometer results between 300-700 nm as an average of three

separate samples, error bars show +/- SE, samples examined were (a) control HDPE sample, (b)
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HDPE UVO-SA oxidised, (c) MMW 1.5 g CS — 0.2 g ZnO, (d) LMW 1.5 g CS — 0.2 g ZnO, (e) LMW
1.75g CS— 1.75g ZnO, and (f) MMW 1.75g CS — 1.75 ZnO.

(E) ATR-FTIR values used for the determination of % DDA of
LMW/MMW chitosan powders

LMW chitosan powder MMW chitosan powder
A1320/ A1420 A1320/A1420
Run 1 0.1074/0.0954 0.0979/0.1456
Run 2 0.0832/0.0738 0.0485/0.0536
Run 3 0.0927/0.0831 0.0659/0.0806

Table A.8 Absorbance values obtained from ATR-FTIR for three separate spectra obtained of the

LMW and MMW chitosan powders that have been commercially.
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