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Abstract

Medical implant infections pose significant treatment challenges due to biofilm formation
on the device surface, which is difficult to eradicate and can become antibiotic resistant.
There are a range of antimicrobial strategies inageevent biofilm formatiomcluding
development of biodegradable coatings loaded with antibiotics which enable controlled
release of antibiotics to inhibit biofilm formation. This study evaluates the feasibility of
utilizing Electrical Spectroscopy (ESJo norrinvasively monitor medical implantike
surfaces along with polymemtibiotic coatings for regime monitoring of biofilm

formation.

ES was used to monitor PLGRifampicin coating degradation on stainless steel
electrodes over-6onths. A novel system was developed to allow for monitoring of
coating degradation and bacterial growth within the same system, and Rif&WApicin
coated stainless steel and colzfitome electrodes were challenged v8taphylococcus
aureusand Pseudomonas aerugingswith bacterial growth and coating degradation

monitored over six months

The results showed that stainless steel and cobadime electrodes could measure
bacterial growth on the electrode surfaséh a significant decrease in impedaratel0
Hz and 10(Hz. ES could also detect the degradation of PLR&fampicin coatings over

a 6month incubation perigdvith noticeable decreasesthime wholeimpedancespectra
correlating to drug release and polymer degradafibe novel system developed in this
study could notdistinguish between bacterial growth and coating degradatiotheas

coating's insulating properties overshadowed bacterial impedance $guihgto 80%



reduction in impedance at 10 Hz and 100fbizall different coating formulas with or

without bacteria growth

These findings highlight the potential of ES for characterizing bacterial growth on medical
devices, though a technical challenge of the coatings insulating properties needs to be
further studied to help further this work. Future work could refine thisiigoe to support

the development of advanced antimicrobial strategies.



Acknowledgements

The first acknowledgements go to my two project supervi€birssopher McCormick
and Michelle MaclearnThey both providedhvaluableguidanceand encouragemettiat

helped complete this project

I must also thanlCraig for teachingthe tedious art of electrode productiamd Sandy
with so much AFM guidancé\s well asStephen an&tewartfor help in creating parts

for my testing systems.

| thoroughly enjoyed my PhD experienemd | enjoyed everyone in lab. Many thanks to
David and Lucy for all the bacteria hedmd thanks tolbother friends and lab mates

through the years, as it made the long days in lab bearable with some company.

Finally, a special thanks fotlany family, but specifically all of my parents for supporting

me going abroad for thexperience and supporting me through it.



List of Figures

Figure 1.1 Depiction of bacteria attachment to surface

Figure 2.1i Randles equivalent circuit model

Figure 2.20 AC sin wave diagram

Figure 231 Bode, phase, and Nyquist plot example

Figure 241 Potential and responses of different types of voltammetry

Figure 3.11 Schematic of dip coating and measurement points

Figure 4.11 Impedance data for metals in PBS and diffeRifampicin concentrations

Figure 4.2i Phase angle at 1z and 1kHz of differentRifampicin concentrations of

PBS with medical device metals as electrodes

Figure 4.3i Representative impedance spectr&Rgampicinin stirred and nosstirred

conditions
Figure 4.4i Impedance and phase angle of SS in PBS at range of temperatures

Figure 4.57 Impedance spectra, impedance and phase angle at 10Hz and 10kHz of

Translumina stent and 50:50 PLGRifampicincoated SS wire incubated for 10 hours
Figure 4.6 Concentration curve with linear fit equation for sirolimus &ii&mpicin

Figure 4.7f Cumulative mass of drug released and total % drug released of Translumina

stent and 50:50 PLGARIifampicincoated SS wire incubated for 10 hours



Figure 4.8 Total impedance spectra for SS, Ti, CoCr, &ithmpicin coated wires

incubated in PBS of fixed system

Figure 4.9 Impedance at 10 and 100Hz and phase angle ldz Hhd 1kHz of SS, Ti,

CoCr andRifampicincoated wires in fixed system

Figure 4.10° Changing rate of impedance at 10Hz and 10KHz and changing rate of phase

angle at 1MHz and 1kHz for SS, Ti, CoCr anRifampicincoated wires in fixed system

Figure 4.111 Impedance spectra of PLGA, 75:25, 60:40, and 50:50 PLE&ampicin

coated wires incubated in PBS in fixed system

Figure 4.12i Impedance and phase angle at 10Hz and 10kHz for PLGA, 75:25, 60:40,

and 50:50 PLGARIifampicincoated wires incubated in PBS in fixed system

Figure 4.13 Changing rate of impedance and phase angle at 10Hz itk T0r PLGA,

75:25, 60:40, and 50:50 PLGRifampicincoated wires incubated in PBS in fixed system

Figure 4.14 Impedance spectra of PLA, 75:25, 60:40, and 50:50 Rifampicincoated

wires incubated in PBS in fixed system

Figure 4.15 Impedance and phase angle atH¥0and 1kHz for PLA, 75:25, 60:40, and

50:50 PLA:Rifampicincoated wires incubated in PBS in fixed system

Figure 4.16 Changing rate of impedance and phase angle dzHhd 1kHz for PLA,

75:25, 60:40, and 50:50 PLRifampicincoated wires incubated in PBS in fixed system

Figure 4.17f Cumulative and Total %Rifampicinreleased from PLARifampicinand

PLGA: Rifampicinsamples over 1 week incubation in PBS



Figure 4.18 Impedance measurements of samples incubated in 37°C fixed system at 10

Hz and 1kHz

Figure 4.19 Phase angle measurements of samples incubated’d B¥ed system at

10Hz and 10kHz

Figure 4.201 Cumulative and % totaRifampicin released from PLGARifampicin

samples over-2nonth period

Figure 4.27i SEM Images at 0 hour and 1 week for SS, PLGA, 50:50 PIR¥ampicin

and 50:50 PLARifampicin

Figure 4.22° SEM Images of remaining samples at time point O hour

Figure 4.23 AFM 3D renderings of height data with height retrace of SS, PLGA, 75:25

PLGA: Rifampicin, 60:40 PLGARifampicin and 50:50 PLGARifampicin

Figure 4.24i AFM 3D renderings of height data with phase retrace of SS, PLGA, 75:25

PLGA: Rifampicin, 60:40 PLGARifampicin and 50:50 PLGARifampicin

Figure 4.25 AFM average roughness root mean square of coated samples

Figure 4.26" Thickness measurements of each sample type

Figure 4.27 DPV and SWV oRifampicinwith concentrationsfrom® M t o 6 & M

Figure 5.11 Schematic of xCelligence system

Figure 5.2 Schematic of Lee et al, Pan et al, and Xu et als systems

Figure 5.3 Schematic of Paredes et al systems



Figure 5.4i Schematic of Turick et al pattered electrode for-nontact measurements

A

Figure55 Schemati c of Holl and et al ds design
Figure 5.6 Impedance and normalised impedance profile of Nutrient broth over 24 hours

Figure 5.7 Impedance and normalised impedance profiles of S. aureus and P. aeruginosa
compared to broth incubated on gold electrodes over 24 hours with a starting population

of 10°

Figure 5.87 Phase angle and normalised phase angle profiles of S. aureus and P.
aeruginosa compared to broth incubated on gold electrodes over 24 hours with a starting

population of10°

Figure 5.91 Impedance of nutrient broth versus S. aureus and P. aeruginosa normalised
to nutrient broth at 161z and 10(Hz, phase angle of nutrient broth versus S. aureus and

P. aeruginosa normalised to nutrient broth Hizland 100Hz

Figure 5.10° Normalised impedance of nutrient broth full spectra and 23 Hz and 100Hz

compared to supernatants of S. aureus and P. aeruginosa

Figure 5.17 Crystal violetstained electrodes after 24 hour incubation period of S. aureus

and P. aeruginosa

Figure 5.12- S. aureus and P. aeruginosa biofilm formation after 24 hour incubation at

37°C with10° starting population
Figure 5.13 Planar device design for new system

Figure 5.14 Vertical device design for new system



Figure 5.15 Pictures of vertical device design

Figure 5.16" Impedance of device design for validation

Figure 5.17 Phase angle of device design for validation

Figure 6.1i Normalised impedance and phase angle of samples incubated for 6 months

in new system

Figure 6.2i Normalised frequency at 18z and 10kHz for samples over 6 months in

new system

Figure 6.31 Normalised phase angle at Ha and 10kHz for samples over 6 months in

new system

Figure 6.4 Total and % totaRifampicinreleased from samples of new system over 6

months

Figure 6.5- % Total Rifampicin released over-honth incubation versus normalised

impedance at 1Biz for samples

Figure 6.6/ Impedance at 1Bz and 1(kHz for all samples over 6 months

Figure 6.7i Normalised impedance and normalised phase angle of sterile nutrient broth

incubated over 24 hours

Figure 6.8 Normalised impedance and normalised phase angle of nutrient brotbOwith

2t010° S. aureus concentrations

10



Figure 6.91 Normalised Z and phase angle of S. aureus grown on SS over 24 hours, 48

hours, and 72 hours

Figure 6.10° Bacteria count of different incubation times

Figure 6.11-Normalised Z at 18z and 10(Hz and normalised phase angle at 18120

and 1000Hz of S. aureus grown over 24 hours

Figure 6.12° Normalised Z and phase of S. aureus grown on Titanium electrodes

Figure 6.1371 Impedance and phase angle of S. aureus grown on PLGA coated SS

electrodes

Figure 6.14 Relative variation of normalised impedance aH¥0n % and bacteria count
for S. aureus and P. aeruginosa grown over 24 hours on SS, Rifa/#picin and 50:50

coated electrodes

Figure 6.15 Relative variation of normalised impedance at HXin % and bacteria
count for S. aureus and P. aeruginosa grown over 24 hours on SS, Rif&dpicin, and

50:50 coated electrodes

Figure 6.16 Relative variation ohormalised phase angle at 1089 in % and bacteria
count for S. aureus and P. aeruginosa grown over 24 hours on SS, Rif&wypicin, and

50:50 coated electrodes

Figure 6.17 Relative variation of normalised phase angle at 100 % and bacteria
count for S. aureus and P. aeruginosa grown over 24 hours on SS, Rif&wypicin, and

50:50 coated electrodes

11



Figure 6.18 Bacteria count versus normalised impedance &izZlé&nhd 10(Hz and versus

normalised phase angle at 1489 and 1kHz for S. aureus and P. aeruginosa

Figure 6.19 Biofilm inhibition versus drug remaining dRifampicinand 50:50 coated

electrodes

12



List of Tables

Table 1.1i List of metals used within medical implants, advantages and disadvantages,

and devices they are used in

Table 1.27 Common medical device and their infection rates

Table 1.3 Most common bacteria species and prevalence in medical device infections
Table 1.4i Common polymers and their properties

Table 1.4i EIS designs with bacteria type, frequency range, and chosen analysis method
Table 3.1 Summary details of impedance experiments for chapter 3

Table 4.11 Coating type and total mass gained after coating

Table 5.1 Needs analysis for new electrode design

Table 5.27 Table of different types of EIS electrodes designs with advantages and

limitations

Table 5.3 Table of relevant frequency parameters

13



AFM

AC

CoCr
CRFK
DPV

E. coli
ECIS

EIS

ES

EPS
GCE
P.aeruginosa
PBS
PDLA

PJI

PLA
PLGA
PLLA
RMS
S.aureus
S. mutans
SEM

SS

SWV

Ti

viv

wiv

S. epidermidis

List of Abbreviations

Atomic Force Microscope
Alternating Circuit

Cobalt chrome

CrandaliRees feline Kidney
Differential pulsevoltammetry
Escherichia coli

Electrical CellSubstrate Impedance Sensing
Electrochemical impedance spectroscopy
Electrical Impedanc&pectroscopy
Extracellular polymeric substance
Glassy Carbon electrode
Pseudomonas aeruginosa
Phosphate Bffiered saline (0.1M)
Polymer Dlactic acid

Prosthetic join infection

Polylactic Acid
Poly(lacticco-glycolic acid
Poly-L-lactic acid

Mean average roughness
Staphylococcus aureus
Streptococcus mutans

Scanning electron microscopy
Stainless Steel

Square wave voltammetry
Titanium

Volume per volume

Weight per volume
Staphylococcuspidermidis

14



Contents

R [ 11 70 To 18 [ox 1o o NPT PPPPPPPPRPP 21
1.1  Clinical Challenges..........cooiiiiiiiiiiiiiieme e 22
1.1.1  MediCal DEVICES......ccociiiiiiiiiiiee e ieeei ittt e eeee e e e e e e aeeens 22
1.1.2  BIOfIIMS ..o eenes 25
1.1.3 Medical Implant INfECHIONS.........cuviiiiiiiiiiiiii e 27
1.1.4 Antibiotic RESISTANCE.......coiiiiiiieii e 29
1.2 Medical Implant Antimicrobial TechniqQUEeS...........ccvviiiiiiiiicn, 30
1.2.1 Antibiotic/antiseptiC treatmentsS...........ooooviiiiiiiiiimn e 30
1.2.2 Surface ModifiCatIONS..........cooiiiiiiiiiiirree e 32
0 R O o - 11 0 [ L T RS TTTPPPPPP 32
1.2.2.2  Surface ROUGNENING.........uiiiiiiiiiiiiiii e 36

1.3 Biofilm Monitoring/Antimicrobial testing techniques...............cccooeoiiiieeee 38
1.3.1  INvasive TECNNIQUES.........cooiiiiiiiiiiiieees it eeeee e 38
1.3.2  Nor-Invasive TECNNIQUES.......ccoviiiiiiiiiiiiiie e 39
1.4 Clinical and Research NEEdS.............uuuiiiiiiiiieeciiiiiiiieeeeeee e 40
1.5 Electrical IMpedance SPECIrOSCOPY. ....uuururriiiiiiieeiiieaneeeeeeeeee e e e e e e e e e eaeees 41
1.5.1 Bacteria MONITONNG........ooiiiiiiiiiiiiitirees s eeere e 42
1.5.2  Drug MONITOMNG. .. .uuuuuiiiiiiiiiieiiiiie e eeeeee ettt e e e e e 45
1.5.3 Polymer Degradation............cccceeeeiiiiiiiccceee e eeeeiieees e 40
1.5.4 Surface MOIfICAtION..........uuiiiiiiiiiiiiiiieeeiieieeeeeee e AT
1.5.5 Biomedical Applications........................ Error! Bookmark not defined.
1.6 Commercially available EIS electrodes............cceeeeeeivieeeeiiiee e, 49
1.7  EIS AnalysiS MEethods.........ccociiiiiiiiiiiiieeeiiti it 50

15



2 1 1Yo Y2 USRS 54
2 1 1 SRR SPUPPPPRRR 54
2.2 DPV and SWV.. ..ottt 60
2.3 AR e a———— e e e e e e e e e e e e ———— e 62
2.4 Biofilm recovery methods..............uuiiiiiiiiiiceec e 63

3 General Methodology........coooiiiiiiiiiiiiiieeee e 65
I A 1Y = 1= £ =1 PP PP PP PP PPRPP 65
2 o U] o] 2 1= o) SO 66
3.3 Section Aim and ODJECHIVES...........uuuiiiieii e 66
I Y 1= 1 o o RSP PTTPPP 67

K Nt R I [ o @ Y= L1 o USRI 67
3.4.2 Electrochemical Impedance SpectroSCORY........ceeeeeeeirririeeeiieeeeeeannn. 71
3.4.2.1 Variable testing...........oeeeeeeiiiiiiiiieeen e d L
3.4.2.2 Translumina Stent vs Dip Coated WIres...........ccooevvvvvimmnnennnnnne 72
3.4.2.3  FiXed SYStEM WOIK.........uuiuiiiiiiiiiiiiiieeeiiiiiiiie et 73
3.4.3 Characterization of Polymer and drug coatings............ccccceveeveeenennn 3
3.4.3. 1  Coating ANAIYSIS......uuuiiiiiiiiiiiiiiii e 73
3.4.3.2 UV SPeCtropnOtOMELrY.......ccuvviiiiiiiiiiiiiiieeeee e 74
3.4.3.3 Differential Pulse Voltammetry and Square Wave Voltammetry’'5
3.4.3.4 Characterization of coating surface............ccceeeeeiiiiiccciiiiicceeeennn. 75
3.5 DaAta ANAIYSIS....coeeieiiiiiiciie et re e e e e ——— 76
3.5.1 Data Presentation and StatiStiCS..........ccuuviiiiiiiiiecciieeeeeeeeeee e 76
3.5.2 Experimental data iINClUSION............ccooiiiiiiiiiicceiie e 76

4  Chapter 4 Results of Polymdrug Coating Development and EIS evaluatiorv8
4.1 EIS System Characterization of Variables..........cccccccooiiiiaannnnn, 78

4.1.1 Impact OfRIFAMPICIN........uuiiiiiiiiiiiiiii e 78

16



4.1.2 Impact of Temperature and ndurbulent flow............cccooeeeeiiiiiiiieeenn. 81

4.2 Impedance characterization of Translumina Stent vs Dip Coated.Wires33

4.3 Impedance Characterization of Fixed System...........cccoevvviiieecvvinnnnnnnnn. 86
4.3.1 Short term room temperature Work..............oovvvvivivieeeeeeeeeeeeeeeeeinnnnnns 86
4.3.2 Long term 37C temperature WOLK................uvvvvvvumimmeeeeeeeirininnnnns 101
4.3.3 Polymer Degradation Characterisation............ccccooevviiieeeiivennnnnnnn. 106
4.3.4 Norrinvasive Drug DeteCtion..............eevvviiiiiiiieemiiiiiieeeeeeee e 116

4.4 DISCUSSION....cciiiiiiiii it eeee et e e eeens bbbt e e e e e e e e e e e e e e e s emmees 117
4.4.1 Characterisation of EIS SyStem...........ccccoviiiiiiieem 117
4.4.2 Impedance of polymedrug coatings.............coeevvvivvvviiemmneeeeeeeeeeninnnns 120
4.4.3 Polymer Evaluation...........ccccoiiiiiiiiecceeeiiciec e eeeeeeeeeeveeee e 126
4.4.4 Drug DEeteCHION.........ceviieiiiieii et e rrrnr e e e e e 128

4.5  System LIMItatiONS.......uuuiiiiiii e ceeeics s eeenee e e e e e e 130

4.6 FULUIE WOTK ...ooiiiiiiiiiiee et e 131

S YU [ 01 0 = YU 132

5 Chapter 5 NoveES System Development.............ooovviiiiiieee e, 134

5.1 INEOTUCTION. ....ceiiiiiiiiiiee e enees 134

5.1.1 EIECtrode DESIQNS......cuuiiiiiiiiiiiiiiii et immme e 134
5111 PlAN@. .o e et a e e e e 135
5.1.1.2  VErtiCAL ..o 137
5.1.1.3  NOMFCONTACT.......eviiiiiiiiiiii e ere e 140

5.1.2 BacteriaESanalysis methods............cccccviiiiiiiieeee e 141

5.2 Section Aims and ODjJeCIVES..........cccoviiiiiiiiiieeee e 143

5.3 MENOAS ..o 144

17



5.3.1  General MatErIalS. ... ..o eeeme e 144

5.3.2  General EQUIPMENT..........uuiiiiiie e eeeen e 144
5.3.3 Device 1 Design FabriCation................uieiiiiiieceeiniiiiiiineeeeeeeeeeeeeeens 145
5.3.4 Bacteria test device deSign.L...........uuuiiiiiiiiiecciiriiiiiiiae e e e e e e e e e enes 146
5.3.4.1 Bacteria Preparation.............cccovvvuiviiimmmeeeieeeeieiiiineeee s e 146
5.3.4.2 EIS Of BiOfilM..cooooiiiie e 146
5.3.4.2.1 Measurement of nutrient broth alane.............ccccoevvvvieeeeernne. 146
5.3.4.2.2 Measurement of biofilm formation...............ccccevviienn e 147
5.3.4.2.3 Measurement of bacteria byproducts............cccccevvvevieecvnnnnnn. 147
5.3.4.2.4 Evaluation of Biofilm..............uuuuiiiiiiiiiieeiiiiine e 148

5.4 Bacteria Results from Chamber.l..........cccoovviiiiiiirieeeeceeeee e 149
5.4.1 BacteriaESchamber L.t e 149
5.4.2 Biofilm Evaluation on device design.L...........ccccuvrvrirrieemcenvvrnnnnnnne. 157
ST B 1= od 1517 [ o PR, 159
5.5.1 Electricalimpedance spectroscopy on electrode design.1............. 159
5.5.2 Biofilm Evaluation method...............coovvriiiiiieer e 162
5.6 LIMItALIONS.....uiiiiiie e e e e ee e eeee e e et mmmr e e e e e e eeennnnn e emmrnen 163
5.7  System DeVeIOPMENL........cccuuiiiiiiiiiiiiieeei ittt 164
5.7.1 NS ANAIYSIS.. ...ttt ieeeiiii ittt ettt a e e e e e e e 164
5.7.2  DEVICE UBSIGNS ... .uuiiiiiiiiiiiiiiiiieeieeeiittttees e e e e e et e e e e s eeemeeee e e e e e aaaaaeeeeas 169
5.7.3 DesSign SeIECHON. ......ccoeiiiiiiiiiieeee e 171
5.8 Device Design 2 MethOdS.........cooveiiiiiiiiiiiice e 173
5.8.1 Electrode Fabrication................cciiiiiiicemeeiiiiicisee e ereeenee s 173
5.8.2 Design Evaluation...............oooiiiiiiiimenn e 174
IR T L= 1] U | S 174

18



5.10 B[ e0 1] (o] AT 178

5.11  LIMITATIONS. .uiiiiiiiiiiiiiiie ettt e e e e e e e e e e e e e rmmr e e e e e e e e e e e e e e e e n e s nnnns 180

5.12  FULUIE WOTK ..ottt e e e e e e e e e s 181

5.13  SUMMAIY. . it ere e et e e et e e e e e e e en s 182
6 Chapter 6 Impedance based characterisation of drug release and biofilm formation
using a Novein VItro Platform............oooo e 183

6.1 AIMS and ODJECHIVES......coiii i 183

6.2 MEENOUS ....oiiiiiiii e 184

6.2.1 Characterisation of impedance properties of polydrag coatings on
medical implamike SUrfaces..............uiiiiiiii e 184

6.2.2 Characterisation of impedance properties of biofilm formation on medical

IMPIANEIKE SUMACES.........oooeeiiei e e e 185
6.2.2.1  ESOf DIOfiMS..eceeeee e 185
6.2.2.2 Direct Enumeration from Sonication...........ccoveeevieeiiceeeeieeenneenn. 186

6.2.3 Data Presentation and analysis..............coooooiimmmnn i 186

0.3 R BSUIS ettt e e e e r——————— 188

6.3.1 Characterisation of impedance characteristics of polhangy coatings on

medical implant MaterialS ... 188
6.3.1.1 Impedance ANalYSIS.........cccccuuumimriiiiiieeeiiiriiee e 188
6.3.1.2 Rifampicindrug release characterisation...............c..ccvvueeer.... 195

6.3.2 Impedance characterisation of model biofilms on electrodes........ 199

6.3.3 ESof polymerdrug and biofilms over time.............cccoovvvvvvivieene e, 207

G I 1S o] 157 [0 o USSR 219

6.4.1 Impedance profiles of polymelrug coatings within new system.....219

6.4.2 Impedance using medical device metals to detect biofilm formatic®3

19



6.4.3 Characterize polymeirug coatings and biofilm formation in same system

(01 =T o 1] 0 = PP PEP PP PPPRRPPPPPRPP 226

6.5 LIMIEALIONS ...eeiiiiiiiiiiii e eeei et rmm e e 229
6.6 FULUIE WOIK ...ooiiiiiiiiiieee et me e e 230
B.7  SUIMIMAIY..ceuiiiiiiiie ittt eeeee e e et e e e et e e e et e e e et e e e et e e e ena e e ennneeeen 231

7 GeNEral DISCUSSION. .....cuiiiiiiiiiiiieee e it enee e e e e e 233
7.1 INEOTUCTION. ...t eeeaes 233
7.2 Impedance monitoring of the medical implant surfaces........................ 234

7.3 Development of novel system for near continuous monitoring of the medical
Implantbacteria INtErface...........cuiiiiiiii e 236

7.4 An optimised system for exploring antimicrobial medical implaatteria

QLU= 7= Tl T PP PP PPPPPPPP 236
7.5 General Study Limitations and Future Work.........cccoooeeiiiiiiiceeccccinneennn. 238
7.6 Summary of CONIDULION..........covviiiiiiiiiiii e 239
8 APPENUIX ittt 240
O REIBIBNCES. ... 244

20



1 Introduction

The use of medical implants has increased significantigaentdecades because of both
technological advancements and the larger proportion of the population that is living to
an older age. Medical implants are devices meant to replace or support a damaged
biological structure and include joint replacements, fracture fimatievices, dental
implants, and vascular devices. While there have been many advancemtrgse
devices, there are stillrumber oflimitations hat impactheir effectivenesOne of the

more problemati@and persistent of sudhmitationsis implant infection.Of all hospital
infections,upwards oR5.6% of allinfections are related tmplants(Bryers, 2008, Magill

et al., 2014xreating a strain on the patient and creating a larger cost for the healthcare
sector. The current treatment foedical implaninfections isoftena full removal of the
implant, cleaning of the wound, then replacement of the dewvite a new implant
Industry has developed range ofpreventative antibacterial treatments with surface
modificationsbeing widely used in an attempt to reduce bacterial colonisation of implant
surfaces(Zheng et al., 2022)Orthopaedic implants and vascular grdfsve been
developed thattilize drug coatings paired with biodegradable polymers, bone cement, or
hydrogels to have a prolonged releéi2an et al., 2018However, these approaches have
not fully addressed the infection challen@éne design and implementatioof these
differentantibacterial techmiogieshas been limitedoy a number of technical challenges
that remain to be overcon{Pan et al., 2018)One important challenge is the current
inability to continuouslymonitor in real time thenteraction between bacteria and medical

implant surfaces in conditions that mimic theiivoenvironmentincluding materials that
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are actually used in medical implants, coatings used on those implants, and the combined
growth of cells and bacteri&lectrochemical impedance spectroscopy (EIS) is a non
destructive and nemvasive measurement method that has been usebatacterise
mammalian cell culturéShedden et al., 2010, Holland et al., 2018, Szulcek et al.,,2014)
with some recent reports indicating its potential for monitoring bacterial adhesions and
biofilm formationBegly et al., 2020, Gutierrez et al., 2016, Kim et al., 2Q1Hayvever,

such studies have been exclusively performed on nedéetrode surfacesuch agold

or platinum which are not representative of the typical materials used within medical
implants. This study therefore set out to address these knowledge gaps and develop new
ESbased technologies for monitoring bacterial colonisation of medical surfices.
focused on identifying a quick analysis method that could simultaneously monitor changes
to an antimicrobial coating and differentiate those changes frafiinbigrowth of
different bacteria speciel so doing, it is intended to accelerate progress towards more
effective prevention of medical implant infection in futulgough screening many

different antimicrobial coatings and determining their effectiveiressattime.

1.1 Clinical Challenges

1.1.1 Medical Devices
Overone millionvascular devices are implanted each year including stents, grafts, heart
valves, and pacemakédiBarouiche, 2004)Of these over4% are predicted to experience
an infection, with high mortality and morbidity rat@sarouiche, 2004)Vascular devices

are used to treat and repair parts of the vascular system including heart and blood vessels.
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Vascular grafts havene of thehigher rates of infection at 4%Darouiche, 2004)They

are used to treat aneurysms, a part of an artery wall that has stretched and created a bubble
like structure with thin walls. Grafts are placed to avoid rupture by creating an alternative
route for blood to flow. These grafts are made of biostatiignpers such aBacran, with
endovascular grafts also including a wire mesh mad&tioiol alloy for a sesupporting
structure that prevents slipping of the graft along the artery(3atkson and Carpenter,

2009)

Total hip arthroplasty is one of the most common joint replacements worldwide, with
more than 790,000 procedures recorded in the National Joint Registry in England from
2012 to 2016Hu and Yoon, 2018)Total hip arthroplasty relieves pain and improves
function of those with arthritis of the hip jo{Rergusoret al, 2018) For the procedure,

the femoral head of the femur is replaced with a metal femoral stem and head while the
acetabulum is replaced with an acetabular cup which could be made of several different
material§Hansen, 2020) The common materials used in for the femoral stem and
acetabular cup are stainless steel, cetfadmium alloys, and titanium alloysiu and

Yoon, 2018) Polyethylene and ceramics are also used within the acetabular cup and
femoral head, but for the acetabular cup they are placed within a metal jacket that is in
direct contact with the bone for better securement. This study will focus on the metals
usedwithin medical devicess theyare electrically conduiwe, therefore will be more

likely to measurdacterial attachment

23



Table 11 List of metals used within medical implants, the advantages and disadvantages,

devices they are used iand reference

Met al|Advant ageDi sadvarnDevi cegReferen
StainMall eabil[Not i nhStent sf( Bekmur |
Steel|corrosionbiofunctgraftset. ,al2(0H
fatigue r artifijand Yoor
joints
suppor
SscCrews
Cob-al|Strength,BiocorrdqArtifil(Hu and
Chromwear relall ergigjoints2018)
all oylbi ocompatireac,ti onstents
Cardi ot ¢
with wes
TitanjLow dens|Poor Arti fil(Hanawa
Al |l oy|corrosionresistarnjol ssAksheaya
resi standhypersenfixatogq2022)
strengt h,
bi ocompat

Stainless steel and cobaliromium alloys are the most common metals used in ateht
orthopaedic implants. Nitinol is common gmaft desigs. Cobaltchrome and titanium
alloys are more frequently used in artificial hips, with stainless steel being used less
frequently apart from the United Kingdafidu and Yoon, 2018)Stainless steel is widely

used because of its easy machining and low cost but fell out of favour because of its
mechanical propertiesnd need to be altered to have good blood compatibility,
osteoconductivity, and bioactivitwhich makes it less ideal for long term implants.
Cobaltchromium alloys are the most favourable metal with artificial hips and stents

because of its strength, biocompatibility, and wear resist@doeand Yoon, 2018)
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Titanium alloys have benefits dgluding low density, high corrosion resistance,
biocompatibility, anchigherstrength. It has also been shown that titaniay be more
resistant tdiofilm formation compared tatainless ste€¢Connaughtoret al, 2014) The

main disadvantage comes from its poor wear resistance so when used within a hip implant,
it releases wear particles more often than other mé&ath of these metals are commonly
used within medical implants ahdve therefore been associated \eilgterial infections

following implantation(VanEpps and Younger, 2016, Jiao et al., 2021)

1.1.2 Biofilms
Medical device infection accounts f@5.6% of all healthcare associated infections
(Magill et al, 2014) Bacterial infections are problematic as 65% of cases form a biofilm,
which arevery difficult, and often impossibléo eradicate with antibiotics due to various
factors(del Pozo and Patel, 2007 biofilm comprises of an aggregation of bacteria that
secrete an extracellular polymeric substance (EPS) (Figure 1.1). There are several stages
to bacteria attachmeand biofilm formationwhich can besectioredinto two categories:
reversible and irreversible. In the reversible categatyich occurs when bacteria are
initially introduced into the environment, the bacteria attach to the surface with non
specific binding. This can occur within seconds of the bacteria being introtiutied

surface ands surrounding environmefiKhatoonet al, 2018)

The irreversible stagiakes placevhen the bacteria begin to form clusters and secrete the
EPS to adhere to the surface and protect the bacteria within from the environment
(Karguptaet al, 2014) This continual formation leads to a microcolony that creates a full

mature biofilm. Maturation can vary depending on the bacteria type but typically occurs
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within 24 hours and drops off after 72 ho(Babushkinaet al,, 2020) Once a biofilm is
matured, it willeventually begin talisperse planktonic bacterithereby spreading the

infection further

%5 62 G W
Figure 1.1 Depiction of bacteria attachment to surface. Aggregation of bacterial cells to

the surface and the secretion of theSEMaturation of the biofilm, leading to a release

of bacteria into the environmerReplicated from Karguptet al (Karguptaet al, 2014)

The EPS holds an important role in the biofilm life cycle as it protects the bacteria in
several ways. It creates a barrier thdtibits penetration ofntibioticsand provides
protection against the immune cellereby shieldinghe bacteria within. It also slows
down the metabolism of the bacteria withine biofilm, making the antibiotics that do
penetrate leseffective (Arciola et al, 2018) This leads taseveredifficulty in treating

bacterial infections on medical implant

Infections can occur at several different points after implantation of medical devices:
early, delayed, or late. The mostresk time for bacterial infection is within 3 months
after placement which are called early infectiombeseare thought tooccur from

contamination during implantatioBelayed infections occur within 3 to 12 months after
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placement and are usually coagulasgativestaphylococcithat are very resistant to
antibiotics(Karguptaet al, 2014) The last and most difficult to treat infections are late
infectionsthat can occur several years after implantation and cdratteto detechs
symptoms can be misdiagnosed as anathese(Huotari et al., 2015)Most of these
infections occur due to another infection within the body that spreads through the
bloodstream(Surgeons, 2023)This is why it is important to have an antimicrobial
treatmentor indeed surfacehat is effective in long term and short terand to have

studies on antimicrobial effectiveness in the long and short term.

1.1.3 Medical Implant Infections
Every implanted medical device is susceptible to bacterial infections, but some are more
susceptible than othedue to the bog $ foreign body reaction to inorganic material

Table 12 lists common medical devicéisat have metalnd their rate of infection.
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Table 12 Table of common medical deviceth metalsand their infection rates in

percentage

Vascular/Cardiac Devices | Infection Rate (%) | Reference

Stent 1 | (Ayyubi et al, 2023)

Vascular graft 4| (del Pozo and Pate
2007)(Darouiche, 2004)

Left ventricular assist devic 40 | (Darouiche, 2004)

Heart Valve 4 | (del Pozo and Pate
2007)

Cardiac implantable 5-20 | (del Pozo and Pate

electronic device 2007)

Prosthetic Joints

Hip 0.51.7 | (Stewart and Bjarnsholt

2020) (VanEpps and
Younger, 2016)

Knee 1-4 | (Stewart and Bjarnsholt
2020)
Shoulder 1-1.5| (Stewart and Bjarnsholi

2020) (VanEpps and
Younger, 2016)

Elbow 5 | (VanEpps and Younget
2016)

Others

Fixation screws 5| (del Pozo and Pate
2007)

Vascular and cardiac devices tend to have higher infection rates, especially the assist
device and cardiac implantable electronic device which start at 5% and going as high as
40%. The prosthetic joints have a smaller range of infection rates from 0% tw5
prosthetic joints are more difficult to treat as they need longer periods of antibiotic therapy
and typically need revision surgery which can cause other complicd@msuiche,

2004)
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The most common bacterial infections come fr@Gnampositive species lik&. aureus
and S. epidermidisas seen inmable 1.3, but Gramnegative infections can also occur
(Davidsonet al, 2019) P. aeruginosais the most prevaler@dramnegative species, but
it is still significantly lower in occurrengat only 6% than theGrampositive species

orthopaediémplant(Arciola et al., 2018)

Table 13 Table ofmost common bacteria species split between positive species (top) and
negative species (bottom) and the prevalence in medical device infedptedfrom

(Arciola et al, 2018)

Species Prevalence in medical device infection&b)

Staphylococcus aureus 31.7
Staphylococcus epidermidis 39
Streptococcus spp. & Enterococc 10.3
spp.

Enterococcus faecalis 2.4
Pseudomonas aeruginosa 6.1
Escherichia coli 2.4

1.1.4 Antibiotic Resistance
The most common treatment method bacterialinfections is antibiotics. When a full
biofilm forms on an implant, the implant is removed, and the area cleaned to ensure the
biofilm is eradicatedollowed by a treatment of antibioticdnfection thus will often
necessitate surgery to remove the implant, with a further separate surgery needed to
replace the implantll of this introduces physical pain and mental anguish to the patient
and their relatives. The success of such revision and replacement ssifgesr tharthe

primary surgery and has higher rate of infection associatedth the surgery The
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challenge is further exacerbated by the potential development of antibiotic resisitn
S. aureusnfectionshaving the highest propensity to develop resistéBbattacharyaet

al., 2015)

Many factors play into antibiotic resistangggne mutationsissociated with planktonic

bacteria and others that are biofilm speciffc. aureushas an increase in antibiotic
minimum inhibitory concentrations when in a biofilm compared to planktonic bagcteria
indicating enhancedantibiotic tolerance when in a biofilm staBhattacharyaet al,

2015) Horizonal gene transfer also occurs within biofilm at a faster nateeasing

antibiotic resistance, especially if the treatment is not lethal to all bacteria and a few
dormant fipersistero bacteria cel(HesPozoe mai n
and Patel, 2007 Biofilms can upregulate stresssponse genes when a biofilm bacteria

is exposed to a certain type of drgging on taexpress phenotypes that are more resistant

to that drug(del Pozo and Patel, 2007All these factors make treatment of biofilms

especially difficult and antibiotic resistance a major concern in the treatment of biofilms.

1.2 Medical Implant Antimicrobial Techniques

1.2.1 Antibiotic /antiseptic treatments
Antibiotic treatment remains the most common practice to treat infections and is used as
preemptive treatment as well. For treatment of existing biofilms, antibiotics are given
and, in most cases, surgical debridement with retention of implant is afeonpsaf
(Bhattacharyeet al, 2015) Since implant infections are usually concentrated at the
implant site, oral antibiotics areeffective as the drug is dispersed throughout the body

and not concentrated enough at the infection gite established biofilm is hard to
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eradicate even with the combined protocol and exposes the patient to increased pain and
cost Due to thispreemptive treatments are beingdely investigated for us@ medical
implantsurgery These have been recently reviewed-egring et a{Fearing et al., 2022)

in the field of orthopaedics amktciola et al(2018) in the field of vascular implants and

medical devices more generally.

Preemptive use of antiseptics and antibiotics like iodine or vanconoasirbedirectly
applied to the implant using a simple dip coat{hg et al, 2023a) Vancomycinis a
widely useddrug treatment fog. aureudpiofilm-associated infectionklowever,because

S. aureugan develop resistance easily as describ&eationl.1.3vancomycins often
used in combination with of other drugs likfampin (also known as Rifampicinr
linezolid to minimise the risk ofdrug resistane The drug that remains most effective
against biofilmassociated staphylococci is Rifampes it is effective against even
difficult-to-treat dormant bacter{@hattachary&t al, 2015) It is currently used by some
surgical teams to prevent infection following graft implantation for treatment of aortic
aneurysmgMufty et al, 2022) although it is not generally used alone within orthopaedic
implant applicationsOther drugs that are used for biofilm treatment include oxacillin and
tigecycline, which are generally used in combination with Vancomycin or Rifampin. A
study by Lew and Moore (2011), explored the coating of gentamicin onto vascular grafts
to preveninfectionbut the antibiotic did not bind to the Teflon ahadisdid not provide
consistent protection clinically. Simple antibiotic coatings seem tolm¥yjfective in the

very shortterm timeproviding somerevention of infection from surgical contamination

but only if the antibiotic can bind to the implakibwever, hfections can occur as far as
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years after implantatioand soother methods are being explored for long term effect and

methods of binding the antibiotior other antimicrobial compounds, the surface.

1.2.2 Surface Modifications
There are currently a wide range of antimicrobial treatments for medical implants with
either a passive or active surface modification. Passive modifications change the surface
properties like the hydrophobicijtwhile active modifications have interactions based on
different uses of biological moleculeShe goal of these modifications is to prevent
infections while also promoting implant integration by promoting cell growth.e 6r ac e
t o t h e suggestsfthatcef thé surface can be colonised by maamw@lls then that

in itself prevents bacteria adhesion and biofilm formation.

1.2.2.1 Coatings

As discussed, antibiotics are most effective against bacterial infecongethod of
binding antibiotics to the surface tHads significant potential is the useanfatingsthat
areloaded with a drugallowing for sustainedreleaseover a variety of durations and
profiles. Such coatings have found widespread successful application within coronary
drugeluting stentyf O6 Br i e n ewith sinilar appr@aéhésSuipder development
within orthopaedic deviceand vascular grafts, as a means of providing protection against
infection Suchcoatings can consist of polymers, or-gel composites with the typical
antibiotics of gentamicinRifampicin, and vancomyciriLi et al, 2023b)(Eltorai et al,
2016) Hydroxyapatite coatingshave also been used within orthopaedics,but the
effectiveness of the antibiotics bouhds yet to be fully demonstratédavidsonet al.,

2019)
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Permanent polymers were briefly used on stents but were linked to inflammation and
delayed healingWu et al., 2015)Biodegradable polymers acdten used within these
coatings as they provide a steady release profile that can be easily manipulated4Table 1.
shows the common polymers used and their typical properties relevant to coatings.
Polylactic Acid (PLA) and Poh.-lactic acid (PLLA) are both serarystalline. They

have some structured sections of polymer and some unstructured sections, that have
unique combination of properties including a set melting p#&loty(lacticco-glycolic

acid) (PLGA) and Polymer Iactic acid (PDLA) are amorphous polymerhich have a
gradual glass transition temperature versus a set temperature at which th&y @alis

more common in medical device applications as it allows for more control in thefratio

theacids forcontrolled degradation rates.
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Table 14 List of common polymers, their crystallinity, typical degradation time, their

glass transition temperature, and their tensile strength. Replicated (fB@mtile et al,

2014)
Polymer | Crystallinity | Degradation | Glass Transition| Tensile Strength
Material Time (days) | Temperature (&C) | (MPa)
PLGA Amorphous | 12-18 50 65
PLA Semi 18-30 60 65
crystalline
PLLA Semi Over 24 60-65 60-70
crystalline
PDLLA | Amorphous | 3-4 5560 40

Biodegradable polymers have four stages of degradation: difitesesinto the polymer
matrix, oligomers with acidicend groups autocatalgz and thendiffuse out from
polymer, creaing micropores for the drug to relead#ith further wateruptake into the
increasingly porous polymer matyotegradatioraccelerates arcbntinuesuntil complete

degradation andissolution of the polymgiEngineeret al, 2011)

There are many studiesithin the scientific literature that have been developed on a
variety of different antimicrobial drugolymercoatings(Lu et al., 2021)but very few
suchcoatings are approved for yseth applications limited to vasculatents, catheters,

and titanium tibia nailg¢Li et al, 2023b, Zhwet al, 2022) The precise reasons for the
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limited translation of promising drugolymer coatings into more widespread clinical
application are complex. Within orthopaedi@sjsscheret al has suggested there is a
translational deadlock comprising a number of interlinking factors that sit across
academia, industry and regulatory bodiBasscher et al., 2019)mportantly, the costs
involved in product development and regulatory approval are suiagtavhich can
impede the investigation of new coating technologies. The same factors also mean that
our understanding of the precise causal factors driving biofilm formation following
implant surgery remains incomplete, with sfg@ant gaps in understanding of the

interaction between bacteria and surface coatings.

Another common surface modification that has antimicrobial properties is the
impregnation of metals onto the surface through plasma spraying or spuihatalg
Silver, copper oxide, zinc oxide, titanium dioxide, and tungsten oxide all have
antimicrobial propertieg¢Karguptaet al, 2014) Silver is the most common used within
medical implants but has been linked to cytotoxjaty it is challengingp find a balance
that achieves antimicrobiaffectivenessvhilst minimising celtoxicity (Li et al, 2023a)

In onestudy of a copper and titaniurmodified surfacecopperwas found toprevent
bacteria with the titanium helmg to bind the copper tdhe stainless steemplant
Another studyalso looked at Si attachment which also had high antimicrobial properties
which was attributed tdts nano roughnesg¢Braceras et al., 2014)While metal
impregnatiordoes haveéhe benefibf beingrelativelyeasy to contrah the production of

the surfacethe potential toxicity from thenetak makes it a higher risk antimicrobial

treatment
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1.2.2.2 Surface Roughening

The most common passive surface roughening techniques are 3D polishing,
electropolishing, plasma spraying, and chemical etching. There also has been research into
nanopatterning and seaissembled monolayers or multilayers which both have
antibacterial prperties(Romancet al, 2015, Singlet al, 2011) Each creates a different
roughness profile, from the nano to macro sdddincet al showed that while bacterial
adhesion increased with increased roughness it did not depend on the roughening
technique, although this study ordyxamined a limited number of differerdughening
techniquegBohinc et al., 2016 A surface with micro scale alterations has greater chance

of bacterial adhesion versus a nano roughf@ssrgakopoulo$oares et al., 2023, Mu

et al., 2023)

Surface roughness and chemical composition influence biofilm formation, with
Medilanski et al finding an averageroughness 00.16 >m measured over 1 nffor
different metals being ideal to prevent bacteria adhed@ekmurzayeva et al., 2018,
Medilanski et al., 2002Many different studies try to find an ideal roughness, andgy

above or below the ideal roughness will cause an increase in bacterial attachment so the

right balance needs to be foufktitoraiet al, 2016)

Smarthydrogelsare stimuli responsive afve beetoaded with antibiotics and applied
directly to an implant surface to prevent surgical infec(®ordbarKhiabani and Gasik,
2022)Such lydrogels undergo hydrolytic degradation in vivo releasing the antibiotic that
was trapped within for a sustained release over 72 Houpevention of infectior{De

Meo et al, 2021) There are more studies on prophylactic efficacy of hydrogels then the
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therapeutic strategies like targeted antibiotic therapy. There are many studies on
antibioticloaded hydrogels but only a few are currently used commercidily .current
ones are mainly utilized in wound dressing including ActivHeal, DermaSyrGHEU,

and a few more are examples of commercial prodéawathy et al., 2020)

It is clear that a vast volume of research has been produced in the pursuit of the
development of more effective technologies for prevention of imyjalsswciated
infections. Whilst there are substantial differences in the proposed antimicrobial
mechanismn each case, they are all united by what has been very limited translation into
clinical practice or indeed new devicéiimerous studies are published in academia each
year, but in recent years only a few have made it to commerc{@8usseher et al., 2019)

Many factors limit such translation, but common to many of these is a still fairly limited
understanding of thieteraction between bacteria and the implant surface coating. This in
turn limits the extent to which such surface coatings can be optimised. A new technique
that would permit near reéime monitoring of the implant surface coating would
therefore be of dastantial value. Specifically, a monitoring system that would be able to
detect surface modification as well as bacteria attachment may ftothe correct
selection of antimicrobial treatments and/or surface modifications, thereby providing new
knowledge to help accelerate development of more effective antimicrobial implant

coatings in future.
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1.3 Biofilm Monitoring/Antimicrobial testing techniques

1.3.1 Invasive Techniques
In vivo techniques for researching and evaluating antimicrobial technologies involve
implantation of the prototype device into an animal model for a certain amount of time,
following which the animal is killed, allowing complete removal of the implant and
subsequent inspection (Xi et al., 2021). There are several important limitations associated
with such in vivo studies, with significant ethical concerns and their high cost, meaning
that they are generally reserved for final characterisation of the safdtypotential
efficacy of the proposed device. This means that data gathered is generally limited to a
single engpoint analysisLi et al 2019evaluated several animal studies to determine the
effectiveness of various antimicrobial coatings agamstureusn orthopaedic implants/
femur fracturesimportantly, in vivo animal studies do not allow detailed assessment of

the mechanisms driving biofilm formation at various stages following implantation.

Once a device has successfully passed through in vivo evaluation in animal models, it can
be considered for first evaluation in humans. Such clinical studies provide critical
information on the potential safety and efficacy of the proposed device. Thivaav
patients being implanted with the device and monitored post operatively for a variety of
indicators, including infection and other possible side effects. While this gives the most
accurate data on device performance and is essential before theevioe approved

for more widespread use, it remains limited in the temporal nature of the information that

can be gained. Such limitations are, at least in part, responsible for the continuing
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uncertainty surrounding the precise factors responsible for irg¢aaiciated infections

(Fearing et al., 2022)

1.3.2 Non-Invasive Techniques
In vitro techniques for testing antimicrobial coatings includes elution studies if the coating
involves antibiotic loading. The coating is placed in an appropriate media and the
concentration of drug released over time is measured. This can then be cbio b
effectiveness to determine how long the effectiveness against bacteria (@hidmeet al.,

2009)

Antibacterial assays have the coated implant incubated in a bacterial suspension and left
for certain time periods. Once tbhhosen timénas been reached, the solution is removed
and the bacteria counted to determine(Kidlhanmaret al, 2020) This provides data on

how effective the coating is in preventing bacterial attachment or causing bacteria death,
but again is limited to certain time points and does not show real time data on how the

antibacterial rmchanisms responsible

A real time monitoring ofS. aureusand P. aeruginosabiofilm was tested through
bioluminescent bacteria using a mydhioton laser scanning microscof@yers, 2008)
This was effectivan tracking the biofilm and its dispersal or accumulation, along with
various steps of biofilm formatiobut it required bacteria that were manipulated to be
bioluminescentThis requiredacteria species that can produce thierféscent protein,
limiting its usefulness in terms of in vivo worlKMone of these techniques alloass easy

real time monitoringf bacteria on aimplantlike surface
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1.4 Clinical and Research Needs

Medical implants have revolutionised healthcare, with the use of cardiac valves, coronary
stents and vascular grafts saving millions of lives each year. Likewise, within
orthopaedics, the development of joint replacement surgery has helped restdreepain
movement to similar numbers of people. However, implant surgery presents a small, but
persistent, risk of infection, which when it takes hold can be devastating for the patient.

It also increases the financial burden on healthcare systems.

There are many new antimicrobial methods being developed eacfAkshaya et al.,
2022, Li and Webster, 2018ndustry is exploring how local drug release from the
implant surface may help improve implant integration and reduce infdétabrarya and

Park, 2006)Efforts are under way to exploit alternative alloys and new surface treatments
to promote cell adhesion and growth to promote better integration of the implant within
surrounding tissué¢ O 6 B et ale2015) Progress in all of these areas has relied on the
use of a variety of experimental methods, ranging from in vitro through to in vivo (section
1.3). Typically, thesemethods include an imitro modelthat does not mimic the real
environment the implant would be exposed in theinwasive techniques. This limitation

is addressed to some extent by in vivo models, but the need for removal of the implant for
characterisation means that the number of plaitats gathered is very limited. This limits
understading of the implantissue interface, meaning thatnovation is limited as

industry does not fully understand the reactions in the (Bdgscher et al., 2019)

The precise factors governing biofilm formation on medical implant materials remain

poorly understoodin turn, this knowledge and technology glmits industry in their
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efforts to improve device design using advanced materials and drug delivery strategies.
Moreover, there is currently no accurate way to -iwasively characterize the
degradation of the polymer or drug release of these coatumge simultaneously
understanding the effect of these coatings on biofilm growikt present, industry and
clinicians do not know the optimal release kinetics for polydrag coatings for the
prevention of infection whilst preserving cell viability and function within the sundong
environment. The full potential of polymer coatings and local drug delivery strategies for

the prevention of infection therefore remains to be realised.

This study explores the useB$as a nordestructive real time monitoring technique that
would more accurately model an antibacterial coated implant. It is intended that the system
provide near redime, noninvasive simultaneous measurement of drug release/polymer
degradation and baaial colonization on medical implant surfacigeally, this system

will be able to provide real time analysis on the presence of a biofilm and help with
screening for new antimicrobial coatings quickiis will providenew knowledge and
technical capability to help inform future design of implant surfaces that are more resistant

to biofilm formation

1.5 Electrical Impedance Spectroscopy

ES has been used within a large range of applications from corrosion monitoring to
biosensorsES provides a nofinvasive means of monitoring bacteria adhesidrg
monitoring, polymer degradation, and surface modificatimdate, these have almost

exclusively been monitored separately or in isolatib®. holds great potential for
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providing the enhanced understanding of the dewtiebacteria interface necessary to

optimise future implant design.

1.5.1 Bacteria Monitoring
Thereare many differengelectricaltechniques usetb monitor bacterial attachment and
other electrode surface effectom cyclic voltammetry (CV) to differential pulse
voltammetry (DPV) to squareave voltammetry (SWV) t&S. EShas been used in many
ways to detect different bacteria strains and to determine the maturation of basfdims

will be thefocusof this review

Hannahet al used a threelectrode cell using a DropSens SPE chip to measure bacteria
growth following modification. They used both EIS and DPV on a gold electrode to see
growth profiles ofS. aureusand Methicillin ResistantS. aureuson different agarose gels
containing different antibiotic concentrations of amoxicillin and oxacillin, at 8 and 50
>g/ml. They found that impedance at 100 kHz the measurements showed no growth with
antibiotic and growth in low antibiotic concentratioftéannahet al, 2019) with the
impedance increasingpticeablyupwards of 20 from baseline after 90 minutes with no
antibiotic compared towith amoxicillin or oxacillin the impedancehich decreased
slightly by 4 m. This shows that in an ideal setting, impedance can be used to detect

bacteria growth based on different antibiotic concentrations effectively.

Wardet alused carbon ink electrodes on disposable sensor with impedance readings that
were normalised to the initial measurement to meaBueaeruginosastrain PA14 and.

aureusstrain RN4220 individually and in a @ulture. They found that after 24 hours
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incubation there were changes in phase angle and impedance that were clearly observed
dropping from 4. ™Mm to 100km at 0.1 Hzfor P. aeruginosaS. aureugid not show a
significant difference in impedance throughout the experiment, though they do show a
difference in their impedance curve, they believe the lack of significance was due to the
large baseline impedance reading effecting results and that @roéée with a lower
starting impedance would help th@Ward et al, 2014) This would be important to
consider duringexperimentationif the electrodes had a large starting impedance that
would overshadow bacteria reading results. This showsSahreusandP. aeruginosa

can be detected by impedance measurements, though not always giving a significant result

depending on the electrode.

There are many studies on EA8d ESwith different bacteria which are listed in Table
1.5. The main points to take from thebleare most of the designs include gold, carbon,
platinum, or silvessilver chloride electrodes. They also generally start at a high bacteria
starting populatiomf 1(° CFU/mI, with a frequency range from around 1Hz and going as
high as 1MHz. There are many different analysis methods which will be discussed in

Section2.1.
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Table 15 List of different EISand ESdesigns used to monitor bacteria, the type of
bacteria tested, the frequency range used in the system, and their chosen analysis method

for bacteria growth

EI &nd DES i|Bacteri alFreque|Chosen Anal|Refere
wi t h PofRange
(CFU/ ml
Gol d (Au-)S. aureu|0.Hzi10|Z vs time @(Hanred
printed w x 10 k Hz Change in Zlal, 20
gel depos %)
Car bon I | P. aerag|/0. HziV 1|Bel ow 100/ ( Wae t.
acrylic S. aureu|{Mhz Phase v Fre2014)
chamber o x ©0 | mpedance
frequency
Nor mali zed
Frequency
Si l-svielrver |S. aureu|0.1- HgNormalized |[(Far red
suspended| x ©0 k Hz Nor mali zed jal, 20
in vial Peak i n nor
vs Frequenc
I nterdigi|S. epi dxe 1, 10,,Rel ative wmd(Par ed
microel ec|180 1000 H|1Bz2and 100hZzal, 20
sensor s
gol dverti
in petri
Pl atinum |P. aer 1100 ,Hz(% Change-liamy( Ki m ¢
el ectrode|PA14 wi l capacitance/2011c)
wi t h x @0 ZvsF
polychlor Cim vsCre
oet hl ene
Graphite Ureol yti|10 KkHzlEquivalent ( Romer
Si lsvielrver |mi croor g/mHz al, 20
reference
Anfioul ing|/Sul fate |1 MHz |Equi val ent (Per mad
pol yur ea bacteri a/Hz al, 20
coupons
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1.5.2 Drug Monitoring

There are certain types of drugs that are electroactive, meaning when subject to an electric
field they undergo chemical reactionm this caseoxidation and this change can be
monitoredthrough different voltammetry techniquékul, 2020) The theory behind
voltammetry will be discussed in chapteiT®e combined use of voltammetry with an ES
systemwould be usefulas it could potentially measuredrug concentration while
simultaneously taking ES measuremeRigampicinis a common electroactive antibiotic

that is used to treat many different bacterial infectispgcificallyS. aureusone of the

most prevalent bacterial infections for medical devaediscussed iSectionl.1.3.

There have been many studies into using voltammetry to dfantpicinconcentrations

in different media for quick detection. They mainly use modified glassy carbon electrodes
(GCE) or carbon paste electrodes. Aneitalused a GCls Ag/AgCl reference electrode
that was modified with polynelamine and gold nanopatrticles to investigaifampicin
oxidation using CV. They founpotentialpeaks at 0.0¥ and 0.7V that allowed for a
linear detection rang®r Rifampicinof 0.0815>M (Amidi et al, 2017) Kul et alused

a GCE modified with multivalled carbon nanotubes Ag/AgCl reference electrode
detectRifampicin using CV, DPV and SWV. They found peaks at around\O(Xul,
2020) While thesecoatedelectrodes would be useful within a laboratory setting,
investigationnto other electrode materials like those within a medical implaat to be
performed to determine if theyave the same sensitivity to deteRifampicin

concentrations.
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1.5.3 Polymer Degradation
Many medical devices employ a polymer coating to release drugs from the sanface
provide antimicrobial properties itsgfo it is important that there is a way to monitor how
this affects the healing as well as infection prevention. There have been a few studies on
the use of EI&nd ESn detecting polymer degradation, most recently Zhetrag. They
used a stainless steel electrode coated with a PLGA polymer and correlated the change in
impedance to mass loss of the polymer from the surface of theodkacrossa large
frequency rang€Zhonget al, 2015) They found a large decrease in impedance across
the wholefrequency range with larger differences observed in th6 Hz range. They
correlated that data to a coated stent and found similar decreases in impedance over 50

days of incubation.

Another study by Faet allooked at an epoxy coating on galvanized steel and its EIS
behaviour when placed in an acidic environmeltiey evaluated different analysis
methods, finding that the phase angle aki#@ provided a rapid approach to evaluate
degradation of the polymer coating, finding that the delamination of the polymer

corresponded with a decrease in phase gfgleet al, 2021)

Advancing onthis work thatES could monitor polymer degradation, the present study
also sought to investigate impedance spectra of potgdmey coatinggo understand if
ES could differentiae between polymer degradation and drug releaisea medical

implantlike surface.

46



1.5.4 Surface Modification
Another property that will be common to medical implants are surface modifications that
help promote cell growth or to stop bacteria attachment. The U8 iofcharacterizing
these surface modificatiorad their effect on cell adhesion or prevention of bacteria
adhesiorhas not been explorextensively There has been investigation into how surface
modifications alone effect impedance measuremiamtsiot surface modifications along

with bacteria growth at the same time

One study byRahmaret al showed howplasma sprayed coatings on titanium caused an
increase in impedance compared to uncoated titamiuento the contact area of the
electrode being higher and resulting in a higher charge traasférlower overall
impedancéRahman et al., 2016) his was also proven by Hollared alwhentheyadded

a platinum black coatingto gold electrodes which decreased the impedance
measurements of the gold electrode whiady attributed to the increase in surface area
(Hollandet al, 2018) Olmo et allooked at impedance to characterize titanium samples
with different levels of porosity and found 500Hz the frequency of interest to see
impedance differences linearly correlate to porosity based on normalig&thidlet al.,
2020) A studyalso foundthatimpedance changewith the addition ofa titanium oxide

to thesurface 6 titanium implans (Basiagaet al, 2016) Navarroet al furthered this
study, theyused a titanium disk with different pitting and performed impedance
measurements from 130Hz to 500MHz and compared the impedance and phase angle
values at different percentages of pitting using femtosecondN&senro et al., 2022)

They found that samples treated with the femtosecond laser had a large increase in
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impedance compared to untreated samplébey also performed impedance
measurements after cell seeding and saw impedaoceased significantlafter being

treated specifically at 500MHz.

These studies show that a modified titanium surface could be monitored using impedance
measurements amduld be used in combination to monitor cell growth but little work has

been explored in bactefimonitoring on altered surfaces.

1.5.5 Impedance Used with Medical Devices
There have beemanystudies of the use of E&WdES within biomedical applications
but relatively fewusing impedance to monitamfection of medical implantsLin et al
used impedance to measure the healing fohcture. A separate sensor was implanted
next to thebroken tibias of mice and the fracture had an external fixatarnd the leg
They did linear regression analysis and found a significant positive relationship between
resistance and time on OBm defects but no correlation on 2 mm defdbtt they
attribute to the formation of bone on the 0.5 mm but not on then2The electrodes had
some initial trouble with the electrode being too big compared to the fracture, so they
switched to smaller electrodes and got better results. They also normalized their data to
ensure electrode to electrode differences were acabtorterhey found that 1¥Hz had
the largest spread, indicating the most functional frequency for detecting the fracture
healing(Lin et al, 2019). This showedthe potential foormpedance spectroscopyfuture
smart devicesbut this study utilized a separate electrode feature for the impedance
studies. The currergtudy would look at using the actual device as an electrode versus

needing separate electrodes.
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Arpaia et al usedimpedance spectroscopy look at osteointegration for orthopaedics.
They used two bone screws placed in a cow femur bone and fousgebatbscopgould
detect the presence of connective tissue and could determine the thitkoesh
polarization betweer? to +2 V(Arpaiaet al, 2007) This method utilized the bone screw

as the electrode.

Fox and Miller conducted a study on pure titanium with a Ag/AgClI reference implanted
into a baboon tibia. EIS measurements were performed for 60 minutéscanditioning
potential. They found the growth of surface oxides formed over 20 minutes causing a rapid
decrease in double layer capacitance and formed a steady state within 40 (@iaskgs

Fox and Miller, 1993)

These are just a few examples of how Bl EScould be used within a smart system to
detect implant performance. Many of these studies focus on cell/bone regrowth and do not
investigate possible infections or performance of antibacterial coating, hence this studies

main goal.

1.6 Commercially available spectroscopyelectrodes

There are many commercially available E48d Electrical CeltSubstrate Impedance
Sensing ECIS) electrodes. Many of these are screen printed electrodes that are disposable
like xCelligence and Dropsens. These systems offer a range of gold, platinum, or carbon
small electrodes that are plugged into a system. A downside to xCelligence is that it only
gives a cell index from one frequency, so all other data from the frequency sweep of the
ECIS is lost and potential other interesting data overlooked. Whise theadvantageous

for high throughput drug screening or detection for different aspects, they would not be
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used within a medical device and ot give a realistic simulation ah vivo conditions

including sizemetal type and possible coating or surface modifications

An example of an ECIS system that has a reusable electrode would be Applied BioPhysics
Transepithelial/endothelial electrical resistance (TEES¥$tems. This system mainly
utilizes gold electrodes, but can also be stainless steel, graphite or platinum. This system
focuses on measurement of the resistance of the cell baE@S.can measure different
things related to cells including attachment of cells to the surface, as well as the movement

of the cellgGiaever and Keese, 1986, Giaever and Keese, 1993)

There are currently no available commercial electrodes that use medical implant metals
as the working electrodspecific for biofilm formation All of these systems are made by

the researchers for specific purposes.

1.7 SpectroscopyAnalysis Methods

This study will focus orES usel in coating analysis and biofilm attachmewhich can
utilize different analysis methods other than equivalent circuit fitting in order to account
for electrodeto-electrode difference#\n equivalent circuit moddbr this type of system
would be very complicated and might rextcurately account for what is happening as

shown by Hannakt al (Hannahet al, 2019)

There are many different types of plots that can be used to display impedance data
including impedance vs frequency, phase vs frequency, and NyquisE photsZs &l he
main plots used for bacteria analysis and coating analysis are select frequencies versus

impedance or phase angle and changing rate of impedance or phasélanglange in
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rate is the impedance at a given frequency subtracted by the next impedance at the next

frequency, divided by the difference between those frequencies given below.

14 14

R IX
O O

Yi %o
Paredet alused a range of frequencies for analysi§ oépidermidi®n interdigitated
microelectrode sensors in 4 different orientations including-avé&bmicrotiter plate,
petri dish, modified biofilm reactor, and a {&dster device. They found that the low range
of frequency 16100 Hz had the most sensitive range for all different set ups and could

show marked differences with biofilm growth regardless of electrode orien{Btoedes

et al, 2014).

Xia et alused the changing rate of impedance-itDDHz range to determine the degree

of organic coating degradation and found that it is a fast evaluation method to determine
how much of the coating has disbanded from the ni¥talet al, 2012) Fanet al used
several methods tanalysecoating effectiveness including Hr, 10kHz, changing rate

of phase angle, and equivalent circuit mode(l#amn et al., 2021)'heydemonstrateéthe

use of several impedance analysis methods for evaluating steel with an epoxy coating
exposed to an acidic environment, focusing on the corrosion characteristics once the
epoxy coating started to show defedibey found that the changing rate of impedance
and the phase angle atKki9z both represented the epoxy coating delamination quite well.
The phase angle approach was taken in this study for a fast analysis approach also
demonstrated by Zhang (Zhaeg al, 2023) Zhanget al denonstrated that the phase

angle at 1Hz could be a fast evaluation method for monitoring the degradation process
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of the polymer coating on a metal substrate. Mahdaa@hAttarused the phase angle at
10 kHz to fast evaluatpaint coating defect@Mahdavian and Attar, 2006Bing used a
fast evaluation method for organic coating performance and showed that the decreasing

phase angle at 18z and 1(kHz correlated to coating performan@ing, 2012)

Most of these methods have been used on biofilm growth on ideal electrodes of gold or
simplified circuits. This study will look at utilizing a fast evaluation method on polymer
drug combination coatings and biofilm growth on ndeal surfacesA fast evaluation
method was preferred over circuit modelling and intensive enadtical modelling based
evaluation methods as circuit modellingnbe associated with great error as multiple
circuits can be fitted to the same data. This is also a complicated syisegmthe circuit

would need to change as the polymer degraded and the drug released making its fitting
difficult and changing with many assumptions needing to be made that could be

inaccurate.

1.8 Study Hypothesis and Aims
Hypothesis: Electical impedance spectroscopy can potentially be used to monitor
polymer degradation and drug release on common medical implant surfaces and determine

effectiveness against bacterial adhesion and biofilm formation.
The aims of this study are summarized below.

1 Investigate the feasibility of using impedance spectroscopy teinvasively
characterizing polymer degradation and drug release on common medical device

metals.
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0 Stainless Steel (SS)
o Cobalt Chrome (CoCr)
o Titanium (Ti90)

1 Design and develop an in vitro test system using medical device metals as
electrodes that can nenvasively characterize biofilm formation on metal
surface.

1 Investigate the feasibility of using impedance spectroscopy teinvasively
characterize polymeirug effectiveness on biofilm formation over clinically

relevant time periods.
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2 Theory

Materials and methodological information will be provided within a General
Methodology chapter, with study specific details provided within the relevant results
chapter. In advance of this, the present chapter will introduce the basic theory
underpinning e main techniques being exploited in this work. This will therefore serve
to both explain the key features of each of the main methods and the context in which they

have been selected.

2.1 Impedance Spectroscopy

When a voltage is applied to a circuit, tesultantcurrent(l) will be equal to the voltage
applied(E) divided by the impedance of the systéf). Within a Direct Current (DC)
circuit with an ideal resistorthe impedance is equal to the resistaii®)e according to

Ohmdés Law.

Electrical ImpedanceSpectroscopy utilizes an alternating current (AC), which is a
sinusoidal wave shown in Figure 21t.AC circuits, the currentesponsél(t)) is driven

by thevoltage(E(t)) and theelectrical impedance, of thesystem. The impedance has a
magnitude,|Z|, phase shift, a, (=r)dwithathegreldtianship f r e q u
betweereachshown in equatio.1 below.The phase shift is the shift time of the sire

wave, Figure 2.1Thephase difference between an applied voltage and a measured current

for a capacitor (Figure 2.1), with a current leading the voltage, is due to the capacitor

chargng/dischargng
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E Eysin(wt sin(wt
g B _Bsin@t) - sinwn)

I,  Iysin(wt+¢@) ' sin(wt + @)
Equation 2.1 Impedance, the magnitude, phase shift, and angular frequency relationship.

Phase, @

/2 04 WQ 14 16 \wt

Figure 2.1 AC sinewave showing the phase shift in relation to current and voltage versus

angular frequency

Impedance spectroscopy refersctaracterisation aimpedancaesponsesver a range

of frequencies. This technique is used within a large range of applications from corrosion
monitoring andoptimization of batter performance througto biosensodevelopment

and characterisatioin each case it is often useful to @seequivalent circuih order to
describe the system response, with a variety of combinatiomesistors and capacitors
used in series and parallel arrangeméitstronm, Gamry, 2022)here are a multitude

of such models, althoughsimple model of bacteria growth ametaklectrodas usually
represented asrasisbr in series with aingle resistor and capacitor in paradskeen in

Figure 22 (Kim et al, 2011a) R1 represents the solution resistance, C1 represents the
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double layer capacitanad the biofilm, and R2 represents the chatggnsfer resistance

between the biofilm and electrade

Double Layerc capacitance

Y ) —

R1 c1 R1

— M\ —— AW\~
SolutionResistance

Sr—mno-w

mooAx—<4OMmMrm

R2
ChargeTransfer Resistance

Figure 2.2 a) Randles quivalent circuit model with resistor and capacitor in parallel for

impedance monitoring systelm) Physical representation of the ES measurement system

The impedancef the Randles circuitan be broken down into components based on
Equation 2.2When frequencies are low, an alternating current acts like a direct gurrent

which makesl/xy @ close to zero making |Z| R1+R2 At high ffigsquenci
much larger than 1 so |Z| is approximatBl{+1/ ¥ @) (Zhonget al, 2015) Resistive

features are prevalent at low frequencies and capacitive features are prevalent at high
frequenciesResistive featuresf the impedance respongescribe the electrolyte and
electrodeelectrolyte interface while the capacitive features refer to the electrode and
electrode surfacéShedderet al, 2010) The double layer capacitance is the interface
between the electrode and the rest of the syBtatrconsists of an electrical double layer.

The electrical double layer forms due to charge separation between the electrode surface
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and the electrolyteWhen a biofilm forms on the electrode, it can influence the ions that

are absorbed onto this surface and affects the double layer capacitance directly.

i. Lo A

i. sls
roor

Equation 2.2i. impedances of R1 and RandC1in parallel; ii. Magnitude of impedance

of RlandC1lin parallel

Randles equivalent circuit modie widely used within impedance research, allowing
fundamentaparameters such as solution resistance, charge transfer resistance, and double
layer capacitanc® be extractedrom the frequency responsehe Randles circuit may

also have a Warburg impedance element in series with th&fe2WVarburg Impedance

is an elementhat accounts for the diffusion process that could oiccarsystem

There are several graph types that can be created from EIS information including a Bode

Plot, Phase Plot and Nyquist plot seen in FiguBe 2.
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Figure 2.3 a) Bode Plot b) Phase Plot ¢) Nyquist Plot of a Randles circuit replicated from

(Gamry, 2022)
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The bode plot has the frequency versus the impedance. The phase plot has the frequency
versus the phase angle. The Nyquist plot has the imaginary part of impedance versus the

real part of impedanc&ach gives a unique insight into the impedance data.

The bode plot focuses on the frequency response of the system and shows the magnitude
of the impedance. The phase plot also gives a total frequency response but for the phase
shift/delay of the systenThese plots give insight into the system as a whole, with bode
focusing on impedance and phase focusing on the phasdhkifilyquist plot is mainly

used to determine the stability of thgstem anadan give some insight into the different
imaginary and real parameters of the system but does not givetangndde frequency
recorded for those parametdisiting its use for frequency dependent chandgese
consideration when trying to decipher meaning from these plots is potential noise
associated with the system. This is a common problem in the lower frequency range as
there can be system drift as the impedance is higher at lower frequencies and tan lea
lower currents which can also lead to low sigtmahoise ratioAn open circuit potential
adjustment can minimize drift but there is still some diifie to the nature of high

impedance and low currents.
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2.2 DPV and SWV

Voltammetry studies the current response of a chemical under an applied potential
difference inan electrolye solution. It carprovideinformation regardinghekinetics and
thermodynamics of reduction and oxidation of chemical spe€gslic Voltammetry
investigates reduction and oxidation of molecular species through a full potential sweep
Differential Pulse VoltammetryDPV) is a pulse waveform that increases along a linear
baseline after being held for a specific period. The current is sdimgfiere the pulse, the
potential applied and current sampled again after the pulse. This is to minimize
measurements of background currents by allowing time foiHapadaic current to decay

so only the current arising from Faradaic reactions is predewntiag for lower detection

limits.
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Square Wave VoltammetrngWV) is also a pulse waveform that minimizes background
current but is faster due to a shorter potential period and can analyse reversible and quasi
reversable electrode processes. The potential of the working electrode is stepped through

a series of forwardral reverse pulses from an initial potential to a final potential.

Al A2
=
g =
CV E =
U \j
Time E/V
Bl B2
E s2
DPV & <
— = o1
0
0
Time E/V
Cl1 C2
=
5 <
SWV 2 <
s 0
1
0
Time

Figure 24 Each of the figures represents how the potential is applied to the circuit and
the response of that potential. Cyclic voltammetry has a steady increase to a peak then
decrease in potentighA1) and typical response currethiat has a oxidation and reduction
peaKA2).Differential pulse voltammetry hagatential (B1)with T waveform periogdS1

and S2 being two sampling points amdsingle peak response (B2). Square wave
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voltammetrytypical potentialwith nE as potential incremerfC1) and current response

of a single pealC2) (replicated fronfLiu et al, 2022)

A voltammogram shows current curves of oxidation and reduction processes of the
electroactive species by showing peak value, peak width and peak potential that allows
for electrochemicabroperties to be analysdgbr reversible reactions, a peak for both the
anodic indicating the oxidation and cathodic indicating the reduction of the species will
occur at similar potentials (voltagé).reference electrode is used in this setup to provide

a stableand knownreference pointegardless of the solutiohe three electrode sap

allows for more stability and control over the measuremenifset

2.3 AFRM

Atomic force microscopy (AFM) is a scanning probe microscopy technique that uses a
cantilever and tip to probe the surface of a sample for imaging at the nanometrérsale.
force sensor consists oflaesp tip mounted on a flexibtantiever that has a laser focused

on the back of theantiever that reflects onto a photodetector. The photodetector then
measures thdisplacemenof the laser light which translates heightmeasurement®

allow for topographic imaging. There are various different imggnodes including
contact, tapping, and narontact mode. The contact mode has the tip dragging along the
surface to detedhe contoursof the surface. Tapping mode is where the tip is oscillating

at a given frequency and produces an image based on the force of the intermittent contacts.
This can be used for ambient conditions or in liquids.-Samact mode doewt contact

the surface and measures van der Waals forces and is best for measunesdents

liquids.
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There is asubstantial amoumf datacollectedfrom these measurement methods, and
several ways to analyse Burface roughnesis often calculated, witlheigh analysis,
grain analysis, and patrticle analysilso useful techniquesSurface roughnessan be

calculated according to equation 2.3 below.

N = .
_xizen g xiz
N

Eq. 1. Surface Roughness: 5, = y -
1

»

N =
: Li(Zi—Z)
Eg. 2. Root Mean Square: S, = e

1 N
Eq. 3. Peak to Peak: Sy = Z 0 — Zmin

Eq. 4. Mean Value: §;,, = Z — ZLoin
Equation 2.3 Surface roughness, root mean square, peak to peak, and mean value

roughness equations based on Z axis value

Root mean squar@RMS) roughness is the value of height irregularities and allows for
most accurateoughness and local peaks leading it to be the most common used value for
analysis of polymedrug coatinggVo et al, 2018) Tapping mode allows for phase
imaging thatcan provide information on differences in mategamposition, adhesion,

and othesurfacefactors(Babcock and Prater, 1995)

2.4 Biofilm recovery methods

Biofilms can be quantified in many different ways. There are biomass assays, viability
assays, and matrix quantification assays. Crystal violet is a biomass quantification that is
a dye that binds to negatively charged surface molecules and polysaccharides

extracellular matriTripathi and Sapra, 202%his stains both living and dead cells and
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is thereforenot suitable for evaluating biofilm killn contrast, viability assays can be used
thatonly stain viablebacteriacells based otheir metabolic activityWelch et al., 2012)
Finally, there arestains that bind to thextracellulamatrix for matrix quantificationln

each assay type, tistains require staining and removal of the biofilm for quantification
(Peeterset al, 2008) meaning only a single time point analysis can be performed. They
also require UV light detection for quantification, and as the study Rsathpicinthe

dye may be altered based on Rieampicincolour.

Direct enumeration is another method of quantification of a biofilm growth which
generally requires disruption of the biofilm through sonificatibine need fotitration
and plating of the biofilnmakes this a timeonsuming andaboriousmethod(Donlan
and Costerton, 2002)n common with other conventional methods, such enumeration

does not permit repeated measurements on the sample.
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3 General Methodology

This chapter will cover general methodology used within this tes{SA and PLA were

taken forward as the polymers of interest to determine the difference between amorphous
and semirystalline release profiles as well as impedance differences. PLGA is one of the
most common polymers used for drug release studies awetyiseasy to manipulate
release time through polymer ratios. Rifampicin was taken forward as the antibiotic as it
Is again one of the more common and effective antibiotics but alsodifisrant effect

on gram positive versus gram negative bacteria.

3.1 Materials
Material Company Location
Translumina sirolimus eluting coronary stent, 4r Translumina | UK
diameter and 32 mm length
Rebel Monorail PtCroronary stent, 3.5mm diamef Rebel UK
and 28mm length
Stainless steel (SS) (316L, 1mm diamgteires Goodfellow | Cambridge,
UK
Titaniumaluminium/vanadium Ti) (Ti90/Al6/V4) | Goodfellow | Cambridge,
wires UK
cobalt/chromium/iron/nickel/molybdenum/mangan¢ Goodfellow | Cambridge,
(CoCr) (Co60/Cr20/Fel5/Nil5/Mo7/Mn2/C/Be) allq UK
wires
Poly(lacticco-glycolic acid) (PLGA) MW 40000 | Sigma St Louis
75000 Aldrich
Polylactic acid (PLA)iscosity 4dL/g Sigma St Louis
Aldrich
AFM silicon cantilever tips (TAP150AG) Oxford UK
Instruments
SingleGlassy Carbon Electrode (GCE) Palmsens (Houten,
Netherlands
Rifampicin 097 % ( HPLC) , powd ¢Sigma Poole, UK
polymerase inhibitor, CalbiocheriW 822.94 Aldrich
All chemicals used were reagent grade Sigma Poole, UK
Aldrich
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3.2 Equipment

computer program

Equipment Company Location

AutoLab PGSTAT302Nwith | Metrohm Herisau, Switzerland
Nova 2.0computer program

PalmSens4with PSTrace 5.( PalmSens Houten, Netherlands

(AFM): MFP-3D with Argyle

Light 3D viewer

Ultraviolet ThermaFisher UK
Spectrophotometry (u]

Spectrophotometry):

Multiskan Go

Scanning Electror Hitachi UK
Microscope (SEM): TM1000

Tabletop Microscope with

Swift ED-TM  computer

program

Atomic Force Microscop¢ Asylum Research UK

3.3 Chapter Aim and Objectives

Sectionl . 8 ( Study

Hypot hesi s

characterizing polymedrug coatings as follows.

71 Investigate the feasibility of using impedance spectroscopy teinvasively

and Ai ms)

def i

characterizing polymer degradation and drug release on common medical implant

metals.

o0 Stainless Steel (SS)

o Cobalt Chrome (CoCr)

o Titanium (Ti)

This chapter focuses on this first study aifhe specific objectives for the experiments

used to address this aim are detailed below.
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1 Investigate the influence of factors related to experimental testing on impedance
measurements.
o Drug Concentration
o Stirring conditions
o Temperature
1 Investigate the feasibility of using common medical implant metals as electrodes
within anelectricalimpedance system
1 Investigate the feasibility of using impedance spectroscopy teinvasively
characterize polymedrug coatings compared to stent polyrdang coating.
1 Determine which analysis methods can be applied to potdnugy coatings.
1 Investigate the feasibility of using differential pulse voltammetry and square wave
voltammetry to nofinvasively monitor drug concentration.
1 Investigate different coating methods and verifying ways to characterize the

polymerdrug coating as it degrades.

3.4 Methods

3.4.1 Dip Coating
All sample wires were cut to 281m in length before dip coating or use within the
impedance system. Solutions of 10% weight per volume of separate PLGA, PLA, and
Rifampicinwerepreparedn chloroform these were then portioned into different volume
ratios together as described below for different experiments. When PLGA, PLA, or

Rifampicinis referred to in text it refers to the original 10% wi/v.
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There are three separate experiments performed for coating degradation: room
temperature, fixed room temperature, and fix8add°C. Setups for these are further

described in table 3.1.

SS wire samples used for room temperaiuwek where the electrodes were connected to
the alligator clips foESmeasurements then removed and incubated in a different vial (SS
wire nonfixed work Table3.1) were dipped inteeither PLGA, PLA, or 50:50 v/v of
PLGA: Rifampicin solutions, as indicated in Table 3.Mon-fixed work refers to
electrodes that were held in place only by the alligator clips and waecueed after
incubation.Samples were dipped into solution for 15 seconds, then lait ¢ty for one
minute before dipping agairll samples were dip coated a total fofe times for all

experiments, unless stated otherwise.

SS wire samples used for room temperature fixed wirdre electrodes were fitted into

vial lid were dipped into PLGAPLA, 50:50 v/VPLGA: Rifampicin, 75:25 v/ivPLGA:
Rifampicin and 60:40 vAWPLGA: Rifampicin Fixed work refers to electrode samples that
were secured into lid of incubation j&amples were dipped into solution for 15 seconds
They were then connected to a standing drill with the coated side facing down and spun

to dry for 30 seconds. This was repeated for two coatings.

SS wire samples used for 3Z fixed work were dipped intsame solutions used in room

temperature fixed work using the -airy method.They were dipped a total of 6 times. A

replica set of samples weaéso producedor the AFM/SEM work(Section3.4.3.4)
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Table 3.1Summary details of coating types and methods, impedance analyser used, and pictuop dbrséte impedance

experiments outlined in the next section.

. : Coat No. | mpeda .
ExperifCoating Met h|Coati Analy Picture
SS w1l0%/ RLGA [Air [ 5 Aut ol g
nofhi xe 10%W/ RLA
50: 50 \Y;
. Leads to
PLGRi f am Autolab
time
Counter
Electrode
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SS W10%/ RLGA |[Spin|5 Aut ol 38

fixed |[10%/RLA

temper/50: 50 v
PLGA: Rifampicin
60: 40/ v id
PLGA: Rifampicin securing
75172/ v electrodes

PLGA: Rifampicin

Counter Working
Electrode " Electrode
SS W10%/ RLGA |Air 16 Pal mSetheSy“'
fix8@|10W/ RLA in incubator
temper/50: 50 % =
PLGA: Rifampicin Lid
6 0: 4@/ v securing
PLGA: Rifampicin electrodes
75: 72/ v

PLGA: Rifampicin

Counter
Electrode
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3.4.2 Electrical Impedance Spectroscopy
A two-electrode system was used to make all impedance measurements in this study. In
all experiments, the material under investigation was used as the working electrode, with
a counter electrode being selected from either SS or platinum (selectionietiigiled
within each study descriptiorifhe platinum electrode was used for the stent versus wire
measurements for an electrode that was a common material to ensure minimum drift. All
other experiments performed with SS counter electrode to determpezlance using
only medical device metals as both working and counter elecffedgporal impedance
measurements were performed at a voltagen(80/s open circuit potentialwith an AC
sine wave across a frequency range oHz to 100kHz as per the method described by
Holland (2018) and Kim (2011(Kim et al., 2011b, Holland, 2017The open circuit
potential adjustmerfirst measurs the open circuit valueThen the wanted/oltage (50
mV) is thenapplied on top of the measured vallidese conditions were used for all

impedance measurements in this study, unless stated otherwise.

3.4.2.1 Variable testingthat could impact ES measurements

Several initial variables were tested to determinér tilluence onES measurements
including Rifampicin concentration, stirring conditions, and temperature. These
experiments were conducted using the Autolab system witHfixeah electrodes an

example of which is shown in Table 3.1 (SS wire-figad).

Each working wire and th8Scounter electrode were submerged im@%f Phosphate
Buffered Saline (PBSused throughout this study as 0.1M solutsith a range of

Rifampicinconcentrations from 0.00fhg/ml to 0.1mg/ml solution in a 25nl centrifugal
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tube. ES measurements were taken on tRgampicin concentration range in static
conditions and notturbulent stirring conditions using a magnet and stir t&dfeCoCr,

andTi wires were all tested within these conditions.

ES measurements wesdsoperformed on a range afieasuremertemperatures from 8

°C to 32°C using a&SSworking electrode, with &Scounter electrode.

3.4.2.2 Translumina Stent vs Dip Coated Wires

In order to assess the potential of using impedance for monitoring coronary stent drug
coatings, a method similar to that first reported by Sheddesd 2010 was used. A
Translumina Choice PES polymsirolimus coated stent was investigated since these
stents had been the subject of substantial interest due to the potential for provision of dose
controlled drug release profiles and potentially enhancegtleeliblisation(Acharya and

Park, 2006)

TheTranslumina sterdnd theplatinumcounter electrode were submerged imid3BS
containing 10% Ethanol, with impedance measurements taken at various time points over
six hours using the Autolab systeffhe Ethanol was usdoecausesirolimus does not

dissolve in aqueous solutions.

This was repeated using the dip coated 50:50 v/v PIEampicinwires as the working
electrode and PBS solutias the solution. These were both +ixed electrodes, meaning

they were not fixed in place throughout the entire measurement.
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3.4.2.3 Fixed system work

A fixed system was employed after initial experiments to maintain a consistent immersion
depth and minimize discrepancies between samples as seen in Table 3.1 picture for the SS
wire fixed. The electrodes were secured within 1mm holes drilled in the wentai at a

depth of 15mm that was replicated for each sample. There were two different fixed system
experiments performed, one at room temperature {€2Qsing the Autolab that was
performed up t@neweek and the other at 3T within an incubator ueg the PaImSens
performed up tawo months. The Autolalwas changedo a PalmSenshecausethe

Pal mS e naldved itgofit avithin an incubatorjt hadbetter connections leading to

less data exclusions from faulty measurementshadduicker measurement times.

3.4.3 Characterization of Polymerand drug coatings
3.4.3.1 CoatingAnalysis
The initial mass of th&Swires were weighed usinglaboratory balance (sensitive to
0.0001g)andthenweighed after the dip coatings were dried to obtain the mass difference.
Thickness was also measured before and after dip coating using callibeegdifferent

locations: tip, middle, and end.
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Tip  Middle End

.

Figure 3.1 Schematic of SS wire, represented by grey cylinder, with coating of polymer
or polymerdrug, represented by blue shading, and the 3 points at which the thickness

were measured using callipers.

3.4.3.2 UV Spectrophotometry

Drug release for each experiment was measured using UV spectrophotometry. Infinite
sink conditions were approximated, according to recommendations of an expert consensus
group(Schwartzet al, 2008) Infinite sink condition refers to having a dissolution media

that removes dissolved drug at a faster rate than it dissolves, allowing continuous
dissolution.An absorption calibration curve was producedRdfampicin using350nm

light (Khanet al, 2021, Angioliniet al, 2019)and a range of concentrations from O.

mM to 1 mM. Total drug released for the incubated samples was determined by taking
1ml samples from the solvent solution at each time point. The absorbance ointhe 1
samples taken from the experiments were then measured at the same wavelength, with
reference to the calibration curve allowing estimation of the drug content. A similar
approach was used for sirolimus from the Translumina stent, with theikesences

being the wavelength of the light source \2&8 nm light and the calibration curve drug

concentrationsange was fromi >M to 10 >M.
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3.4.3.3 Differential Pulse Voltammetry and Square Wave Voltammetry

DPV and SWV were performed to determine if electrochemical means could find
Rifampicinconcentration without need for a modified electroitgs was to determine if

a simple surface could still detect drug concentration, allowing for a fully autonomous
measurement system measuring biofilm formation, polymer degradation, and drug
concentration all noimvasively.An unmodifiedGCEwas used as the working electrode,

a silver/silver chlorideas thereference electrode, araplatinum wire as thecounter
electode.The GCEwas electrochemically cleaned, and surface activated by performing
10 cyclic voltammetry scans from\0to 1.4V at 0.1 V/s in 2hM of NaCl. ADPV was
performed at pulse amplitude BV, pulse width 5ans and scan rate ofraV s 1. A

SWV was performed at pulse amplitude®¥, frequency 1Mz, and step potential of 1

mV (Kul, 2020) These were both started -&t3 V and stopped at 0.§. A range of
Rifampicin concentrations from 0.4 M teoM 7was tested in PBS.

baseline corrected before plotting.

3.4.3.4 Characterization of coating surface

Characterization of coating surfaces was performed using an AFM irasp&pping
mode at room temperature with a soft mid to sdfton tip with 5N/m spring The
samples used for AFM were also used for SEM imadl@ating surfaces were imaged

using an SEM at 250X magnification up to 1 week for most samples.

Datafor the AFMwas collected fronarange of size¢0>M i 1 >M and 5>M chosen as

the ideal siz€Bian et al, 2012) which wasused for all other images. Images were
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flattened to the O order and plane fit in the XY plane to the 1st order. The mean average

roughnesgRMS) was taken from the height déta all sample types.

3.5 Data Analysis

3.5.1 Data Presentation and Statistics
Unless stated otherwise all statistical analysis was performed in Origin. Impedance results
were plotted as a meamith error bars representing standad error meanStatistical
significance of phase angle at B@ and 10kHz and impedance variations #dHz and
10 kHz was determined using omeay ANOVA analysis foll owe
Bonf er r ehod niuliiple rampdrison tests. Values ok@.05 were considered
statistically significant. All onavay ANOVA used these parameters unless stated

otherwise

The results of the SWV and DPV used smooth wave function and correction for the
baseline. Aoneavay ANOVA with Tukeyods post hoc w

significance.

The root mean square (RMS)ughness datitom AFM had oneway ANOVA with

Tukey 6s pafamed folheach sampbetween samples.

3.5.2 Experimental data inclusion
Throughout experimentation some results were excluded from data awlalgdis clear
discrepancies and excessive noise in the data, as comparedéstaielished outputs and

calibration measurements, although the precise reason for these discrepancies remains
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unclear.ln the majority of cases, such erroneous data recordings could be attribute to a

compromised electrode connection.
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4 Chapter 4 Results of Polymerdrug Coating Development
and ES evaluation

4.1 ES SystemCharacterization of Variables

4.1.1 Impact of Rifampicin concentration on ES measurements
Before performing impedance measurements on coatings, the first experiments focused
on a range of experimental factors that could influence the impedance readings when
experiments were performed. The coatings would comprise of a polym&ifantpicin
mixture. As the polymer degraderifampicinwould therefore be expected to release into
the surrounding media. In order to investigate the potential impact of such release,
impedance data was collected from a rangRiédmpicin concentrations in PBS using
SS Ti, and CoCr as working electrodes. The results generated are displayed in Figure 4.1.
As described in th&Stheory section (2.1), at higher frequencies, the solution resistance
tends to become more dominant, according
this reason, the 1008z to 100kHz range has been magnified to showcas®&tfampicin
influence. In order to clearly indicate differences in impedance characteristics of the three
electrode materials, a separate plot of the absolute impeddtfjcat(10kHz for the

Rifampicinconcentrations were examined (Figure 4.1 (c)).

78

1



a) SS b)

100000 5
“1s 100 4
BT }e00e000e008080500000, .

< 100004 .-.".:::H-o-oun
" ol Lt TTteng, it
N— hd * ‘
o .
o w ... o
N Cetreaas, =
o -
g 1000 w00 oo < 0
8 % 8

g,
S B, 2
o o
E
100 o 00000658880222 ]
10 T T T T 1 1 T T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)

® 0 mg/ml ® 0.001 mg/ml ® 0.003 mg/ml ® 0.01 mg/ml ® 0.03 mg/ml ® 0.1 mg/ml

C) 100000 - Ti d) 1009

23, " Oo,
= L;\,. i g,
S wiigt, 8,
~ ) e, 1 8
10000 4 T el %,
= @ L eetanan
= EENR Y | sess o bt |
5 N T G 7Y
5 o £ “
§ 1000 4 .RAA et ereaan, o 104 .:.
o, x 0 o0 )
S L) 2 o2
8 %, o %,
E % KR
100 e
ocessssaaanay 5,
O
10 T T T T 1 1 T T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

Frequency (Hz)
® 0 mg/ml @ 0.001 mg/ml ® 0.003 mg/ml ® 0.01 mg/ml ® 0.03 mg/ml ® 0.1 mg/ml|

e) CoCr f)

Frequency (Hz)

100000 4 0 100 g e
l N W&:’,m.
— o~ . . o )
= e, oot 8%,
- vcﬂ 2y el .8':»
5 10000 4 \A"ﬂﬁ e e, T L
© m"ﬁn LI I TTTTITPITY [} 2o
N O . ot o Y
5 % . e g o
N %, IR TP < 33
> 1000 5 %, o 10 o2
3 e, o e o @ oo
§ %% £ - !
5 %, o 0om
@ 0 0um
a )
E 1004 %M ools
A Sennisnsnnsnsnsane 008!
Tevewvrvevvww .=
10 T T T T 1 1 T T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)

® 0 mg/ml @ 0.001 mg/ml ® 0.003 mg/ml ® 0.01 mg/ml ® 0.03 mg/ml @ 0.1 mg/ml

Figure 4.1Data with an enlargement of the higher impedance range H2(00100kHz
collected fronRifampicinconcentrations ranging from-0.1 mg/ml in PBSa) Modulus

of impedance oSS working electrode (n=1)) Phase angle of SS, ®Jodulus of
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impedance ofi working electrode (n=1)J)Phase angle of Tie) Modulus of impedance

of CoCr working electrode (n=1}) Phase angle of CoCr

In the modulus of impedance data, a larger difference in impedances can be seen in the
higher frequency range, with the impedance appearing to increase BR#aimpicin
concentration increases. When analysing this further at the seleciddlz iffequency,

there is clearly a sharp increase in impedance at the IdRk@shpicin concentrations

(0.001 to 0.0a1mg/ml), an effect that was relatively consistent. In contrast, at higher
concentrations (0.3 to Orhg/ml), there was a general decrease in impedandhb,the

nature of this being inconsistent between the different electrode types. The SS impedance
remains relatively stable at these elevated concentrations while the CoCr and Ti decrease
was more markedThis follows a similar trend for the phase angle analysis, with a
decrease in phase angle with increase in concentration at first in the higher frequencies

but then back to the original phase angle as a continued increase in concentration.

As mentioned irSection2.1, a key metric for determining coating performance include
the phase angle at H¥ and 1(kHz (Zuoet al, 2008, Zhangt al., 2023, Mahdavian and
Attar, 2006) The influence of differenRifampicin concentrations on phase angle was
found to be relatively small, as seen in Figure 4.2, with the phase angle not changing

noticeablywith the increase iRifampicinconcentration for all electrode types.
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Figure 4.2 Negative phase angle at 10Hz (left axis) and 10kHz (right axis) of different

concentrations oRifampicinin PBS with SS, CoCr, and Ti as working electrodes.

4.1.2 Impact of Temperature and nonturbulent flow
The first polymerdrug experiments were performed at room temperature but to grow
bacteria and to mimic in vivo conditions the samples ideal conditions would be performed
at 37°C and have flow conditions, therefore the effect of temperature and stirring on

impedance needed to be evaluated.

Figure 4.3 showed negllge influence of stirring on the impedance at vari®ismpicin
concentrations on SS. The other electrode types displayed the same trend, with stirring

having very little effect on the impedance measurements.
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Impedance can be seen to decrease as temperature increases in Figure 4.4 a, specifically

in the higher frequency range that is influenced by solution resistance. The phase angle

for temperature shows no change over temperature variances.
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4.2 Impedance characterization of Translumina Stent vs Dip Coated Wires

This project creates a model of polyrteug coated medical implants with the goal to
accurately represent the implants qualities. A Translumina stent coated in sirolimus and
PLA, a manufactured medical device, was compared to our model of stainleseatee!

with PLGA: Rifampicin(50:50)to determine how similar the impedance profiles matched

and if the model was an accurate representation

The impedance spectra of the Translumina stent and of the FRi@&#npicincoated SS,
recorded over a-liour immersion period, are shown in Figure 4.ared . The spectra

for both samples was characterised by a maximum impedance lavest frequency

which reduced in a linear manner as frequency increased tadHOB8fore stabilizing at

higher frequenciesBoth experienced an initial decrease in impedance over the first 3
hours followed by a rapid increase in impedance, highlighted by Figurgahd d), with

the stent having larger impedance variations. The experiment had to be stopped after 10
hours due to inconsistent connections with the stent, with attempts to resolve the issue

discussed irsection4.2.

The plots of impedance at Mz and 10kHz both had similar trends for each of the
samples, in contrast to the phase angles at the two chosen frequencies. The phase angle
had opposite trends with the lower frequency increasing over time and the higher
frequency decreasinghe phase trendlines had more gradual changes over time compared

to the impedance
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containing 10% ethanol (n=1) and) 50:50 PLGA: Rifampicin coated wires (n=3)
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submerged in PBS. A plot of the impedance at 10 Hz (left axis) dddizl@ght axis) for

c) the Translumina stent ard) 50:50 coated wire. Then the negative phase angle at 10

Hz and 1kHz ofe) a Translumina stent arfl 50:50 coated wire.

A calibrationcurve was constructed for each drug tyseng absorbance measurements

and an equation derived from the curve to determine the concentration of drug released

based on the samples seen in Figure 4.6.

2.86 - Equation y=a+b* Equation y=a+bx
Intercept 2.81656 + 0.00221 r:::we([ce . Wavelength
Slope 426.42643 + 38.14 P
R-Square (CO 0.99206

0.15359 + 0.005
Slope 5.71806 + 0.031
R-Square (CO 0.9997

2.84 4

Absorbance (A.U.)
Absorbance (A.U.)

2.82

T T T T T T
0.00000 0.00005 0.00010 0.0 0.2 04

Sirolimus Concentration (uM)
Rifampicin Concentration (uM)
Figure 46 Concentration curve with linear fitted equationayfsirolimusfrom 10>M to
1>Min 10% ethanol at 278m light (n=1) and ob) Rifampicinfrom0.1 mM to ImMin

PBS at 350nm light (n=1)

Each concentration curve was fit with a linear equation, the sirolimus equation y = 426x

+ 2.81 and th&ifampicinequation y = 3.36x+0.1. The equations were used to calculate

the concentrations reported in Figure 4.7. Any calculation that resulted in a negative

concentration was recorded as zero.
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A largedifference was seen between the stent and the model coating in terms of drug
release. The stent released a to@al8mol of sirolimus over the 10 hours while the SS
sample released a total of 1.3®0l over 10 hours. They also had different release rates

with the Rifampicinreleasing in the first 3 hours and the sirolimus releasing near the 9

hour time point.
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Figure 4.7 a) Cumulative mass of drug released from samples of Translumina stent
(Sirolimus) immersed in 10% ethanol solution and from 50:50 PLE3@&mpicincoated
wires immersed in PBS at 2G. b) Total % of drug release by hour of the samples over

theincubation periodn=1)

4.3 Impedance Characterization of Fixed System

4.3.1 Short term room temperature work
The metals chosen for this study each metal has different properties, specifically
pertaining to the formation of oxide layers. A shiemm study was performed to

determine the metals stability over time and how the formation of different oxide films
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influences impedance. It was also investigated howlifferentcoating would influence

impedance compared to the bare metals.

The following results are from the experiments performed at room temperature in the fixed
system shown in table 3.twith SS, Ti, CoCr, 10% Rifampicin, 10% PLGA, 10% PLA,

75:25. 60:40 and 50:50 formulations for PLGA/ PLA and Rifampitiis clear that each

metal has a similar impedance spectrum (Figure 4.8) with the most noticeable differences
shown in CoCrds increase in Iimpedance ove
range and Tio6s increase ifrequencypangedikeda over
closer in the next figure with statistical analysis performed. Rifampicin coated

samples havedistinct impedance spectrumom the metals, Figure 4.8 (d), with the total
impedance increasing over time as the drug releases from the surface and becoming more

linear across the whole frequency range over time.

87



a) SS b) Ti

100000 -{ 100000

10000 o

L)
1000 o
...

v,
.::M
100 - e —— 100 4

...............

10000

1000

Impedance |z| (M)
Impedance |Z| (N\)

10

10

1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)
® Ohr @ 1hr © 3hr ® 6hr e 24hr 48hr 1wk ® Ohr ® 1hr ® 3hr ® 6hr ® 24hr ® 48hr 1wk
c) d)
100000 CoCr 100000 - leampICIn

10000 o

1000 o

Impedance |z| (M)
Impedance |Z| (w)

100 o

10 T 10 T

T T T 1 T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)
® Ohr @ 1hr ® 3hr 6hr 24hr 48hr 1wk ® Ohr @ 1hr ® 3hr @ 6hr 24hr 48hr iw

Figure 48 The total Impedance spectra &f SSb) Ti, andc) CoCr wires andd) 10%
Rifampicin coveredSSwires (n=3) incubated in PBS on the rodemperature fixed

system pictured in Table 3.1.

At the chosen frequency, one way ANOVA statistical analysis was perfoomea
datasetsvith two different post hoc testBonferronipost hoc comparegiachimpedance

at different time points to time zerbukey post hoacompared the variances of the mean
of the entire trendlineand corrected the confidence interval andajue based on the
number of comparison3he impedance did not change significantly over time for any
samples, however there were a few significant differences between samplebizAtriD
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10 kHz (Figure 4.9 (a) and (b)), the impedance of Riampicin coated samples were

significantly different from SS and Ti. The SS was also significantly different from CoCr
at 10Hz and Ti at 1&kHz. From Figure 4.8 it was noted that the impedance profiles were
different for the different metals which reflects in their significance at different chosen

frequencies.

The phase anglef these experimentsad more significant differences shown than the
impedance profiles in Figure 4.9 (c) and (d). Ti had many significant differenceslat 10
for most time pointsRifampicinwas significantly different at the-dreek time point at

both 10Hz and 1kHz.
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Figure 49 Temporal impedance measurementsapfSS, Ti,CoCr wires (n=3) and
Rifampicincoated wires (n=3at 10Hz b) and 10kHz.c) The negative phase angle for
same samples at Hz andd) 10 kHz. Significance was determined by ANOVA analysis,
with Bonferroni post hoc between time 0 and subsequent time points (Sholwn*Rif)

and Tukey post hoc between trendlines (Shown by #&&;r, #Rif).

Very little change can be seen in the changatgof impedance and phase angle, for both
chosen frequencies (Figure 4.10). This follows what is seen in Figure 4.8, the slopes of

the impedance profiles appear to be similar at each time point, all be it with evident
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changes in oveall magnitude. TheRifampicin samples rate of changbesdecrease

below the metals in the impedanceHDand phase angle k®iz but not noticeably so.
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Figure 410 The changing rate of impedanceagt10 Hz andb) 10 kHz of bare SS, Ti,

and CoCr anRifampicincoated wires (n=3) incubated in fixed system with PBS at room

temperature and the changing rate of phase angé B0 Hz andd) 10 kHz

The PLGA samples and the highest concentration of RH@&#y ratio 75:25 in Figure

4.11 have very similar impedance profiles, with a small negative slope across the whole

frequency range and larger standard error than the other samples. The magnitude of the

impedance is also noticeably higher than an uncoated SS wire. The 60:40 and 50:50 ratio

have more similar impedance spectrums to each other, with a steep slope in the smaller
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frequency range and a zero slope in the higher frequency range closely resembling the
bare SS spectrum. Theh@ur time point stands out above the rest of the time points for
the 60:40 and 50:50. The magnitude of the impedance decreases over timeher all t

different samples with larger decreases corresponding to higher polymer concentration.
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The impedances of PLGA and 75:25 had similar decreases in impedance oveetie 1
period at 1Hz (Figure 4.12), with them having the largest decrease in impedance of all
sample types but not significant differences. They were statistically different from SS
based overall trendline. The 60:40 and 50:50 formulations had statistically significant
differences between all time points at the phase angle and impedance at the lower
frequency. The phase angle had more statistical significances for samplefighan t

impedance in both chosen frequencies.
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Rifampicincoated wires (n=3) incubated in fixed system with PBS at room temperature
and the negative phase anglecatlO Hz andd) 10 kHz. Significance was determined by
ANOVA analysis, with Bonferroni post hoc between time points and time 0 (shown by
50:50 *60:40, *75:25 and Tukey post hoc between trendlines. (shown by /#5550,

#60:40, #75:25

The changing rate of impedance in Figure 4.13 has little change in all the samples except

for PLGA. It has a variable changing rate of impedancedtltmte s n 6t f ol | ow a ¢
The changing rate of phase angle shows a more difference between the different polymer
drug formulations. This is especially clear in the changing rate of phase at 10kHz, with

SS at the lowest, then 50:50, 60:40, 75:25 dr@A°at the highest.
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Figure 413 Thechanging rate of impedance a} 10Hzandb) 10 kHz of of SS, PLGA,

75:25 viv PLGA: Rifampicin 60:40 v/v PLGA: Rifampicin and 50:50 v/VPLGA:

Rifampicincoated wires (n=3) incubated in fixed system with PBS at room temperature

and the changing rate of phase anglept0Hz andd) 10 kHz

95



Each of the PLA sample$-igure 4.14)had a similar impedance profile with a small
negative slope across the whole frequency range and much higher magnitude than the bare

SS spectrum for all sample types. They all experience a decrease in impedance over the 1

week.
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Figure 414 Thea) Impedance spectra of PLB) 75:25 v/VPLA: Rifampicinc) 60:40 v/v

PLA: Rifampicinandd) 50:50 v/vPLA: Rifampicincoated wires (n=3) incubated in PBS

on the fixed system
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There were no statistical differences between any time points for any of the samples in
either the impedance or phase ar{igure 4.15) The 75:25ormulation was statistically
significant from all other samples at the B2 impedance. The SS was statistically
different from all other samples at Hx phase angléhe error bars were large in these

datasets as the PLA created a thick coating and larger thickness coating differences.
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analysis, with Bonferroni post hoc between time points and time 0 and Tukey post hoc

between trendlines. # signifies significance from all other trendlines.

The changing rate of impedance and phase angle had no significant change over time and

no visual difference between sample typesn in Figure 4.16.
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Figure 416 Thechanging rate of impedance&@t10Hz andb) 10kHz of SS, PLA, 75:25
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A concentration curve was created using a known sBifampicinconcentrations. The
equation fit to the curve was y = 3.36x+0.2. The concentration curve was used to find drug
elution of the all the samples used in the above study. All negative values calculated were
assumed 0. The cumulatifampicin releasedand percent totaRifampicin released

were plotted in Figure 4.17.

Testing for statistical significance using ANOVA with Tukey post hoc, the PLGA:
Rifampicin 50:50and 75:25are significantly different from each other but none of the
other samples differ. The cumulative releasdkdadmpicin shows that the PLGA: Rif
50:50 releases the modRifampicin within a week compared to the other PLGA
formulations, with the 60:40 formulation releasing the second largest amount and 75:25
releasing the least. With the PLA formulations, the PLA: Rif25released the most
Rifampicinall together with PLA60:40coming second and PLB0:50having the least

amount released.

The room temperature work was repeated 4C3w¥ith a longer incubation periaaf 1
weekto be more biologically relevant and only one polyifiitGA) was taken forward

for all further testings it had the most consistent impedance results with small variations
between samplest also allowed for more release of drug in a shorter time period which
would allow quicker release periods to see differences in biofilm grdvi following

figures represent the results from this work.
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4.3.2 Long term 37°C temperature work
The previous experiments were performed at room temperature for 1 week, but many
typical implants will be in the body for extended periods of time therefore the next
experimentfocused on irpedance measamers performed at 3T for 2 monthsThese

were performed in the fixed system as shown in table 3.1

The impedance at 18z and 10kHz were plotted in Figure 4.18 and compared to the
room temperature work in Figure 4.12. The nstahpedance at 16z increased over

the month period befordgabilizing between month 1 and 2. This impedance increased
more than it did at room temperature. The metals were all significantly different from one
another, and different frorRifampicin The 10kHz had overall lower impedances than

the room temperature work. The metal impedances did not change as significantly in the
higher frequency than the lower frequency, vRifampicin having the most noticeable

change over time.

PLA had the highest impedance with large standard error and the most change over time.
The PLGA samples and 75:25 samples had higher overall impedances and impedance
changes than the other 2 polymer drug formulations. Compared to the room temperature
work, the 10kHz showed an overall lower impedance again, similar to the metal samples.
The 10Hz did not have much difference from the room temperature work. Only the PLGA
sample and 75:25 samples were significantly different from the SS, 50:50, and 60:40

sample.
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Figure 4.18 Temporal impedance measurements of samples incubated@nfigéd

system o&) metals SS, Ti, CoCr, arRifampicincoated samples at 1z andb) 10 kHz,

c) SS, PLGA, and PLA coated wires atHfandd) 10kHz,e) SS, PLGA, 75:25, 60:40,
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and 50:50 v/iv PLGARIifampicin coated samples (n=3) at 18z, andf) 10 kHz.
Significance was determined by ANOVA analysis, with Bonferroni post hoc between time
points (shown by *SSRifampicin * Ti, *PLA, *50:50 and time 0 and Tukey post hoc

between trendlines (shown by # $50:5Q #60:4Q #75:25

The metal impedance changed more over the 2 months than the phase angle. There were
also less differences seen between the metals in this work than the room temperature. The
Rifampicin samples were significantly different from the metals at both chosen

frequencies.

Both polymers were significantly different from each other and SS. Aizlthere was a

noticeable decrease in phase angle over the 2 months for both polymers.

The polymerdrug formulations are more distinguishable between each other with the
phase angle than the impedances. It is also noted that there is a significant difference
between SS and all formulations except for the 50:50, but the 50:50 is significantly
different from all other formulations. There is a larger decrease in phase angle at the lower
frequency and a smaller increase in phase angle at the higher frequency for all the polymer

and polymedrug samples.
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Figure 4.19 Temporal negative phase angle measurements of samples incubatéd in 37

fixed system o) metals SS, Ti, CoCr, ariRifampicincoated samples at 10Hz abjl

10kHz,c) SS, PLGA, and PLA coated wires at 10Hz dpdOkHz,e) SS,PLGA, 75:25,
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60:40, and 50:50 v/v PLGARIifampicincoated samples (n=3) at 1z, andf) 10 kHz.
Significance was determined by ANOVA analysis, with Bonferroni post hoc between time
points (shown by *SSRifampicin * Ti, *PLA, *50:50 and time 0 and Tukey post hoc

between trendlines (shown by # $50:5Q #60:4Q #75:25

The 50:50 PLGA:Rifampicin samples had the mo&ifampicin released at 1.75mg,
followed by 60:40 v/v then 75:25 v/v. The 50:50v/v had the quickest release with over
90% released in the first 3 hours, while 60:40 had a slower steadier release with 60%

released in the first week. The 75:25 formulation had no driggise until th@-month

reading.
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Figure 4.20 a) CumulativeRifampicinreleased andb) % TotalRifampicinreleased from
the samples(n=3) over ther@onth period for 75:25, 60:40, and 50:50 PLGAtampicin

samples
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4.3.3 Polymer Degradation Characterisation
There were several ways that could be used to characterize the degradation of the
polymer/polymerdrug coatings. The first proposed method was through mass loss
degradation. The samples were measured before and after coating with the mass gained

calculatedand shown in the table below.

Table 4.1The coating type and the total mass gaiaédr coating(mgh=3)

Sample MassGain after Coating (mg)
Rifampicin 0.2
PLGA 2.5
PLA 4.9
75:25PLGA 14
60:40PLGA 0.4
50:50PLGA 1.7
75:25PLA 4.8
60:40PLA 2.3
50:50PLA 1.8

Table 4.1 shows that the samples had very little mass difference with the addition of the
coatings. The largest difference was seen in the PLA coating withmgt.9he PLGA

mass differences were even smaller with the highest being PLGAMeR.Because of

such small differences, using mass loss as a characterization of degradation did not seem

fitting as it could lead to inaccurate data therefore alternative ways were explored.

SEM imaging was explored as an alternafreen 120 to 1000 magnificatioas it would

give visual clues as to what was happening on the surface as the polymer degraded that
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could potentially be linked to impedance and phase changes. SEM imd&ggsre 4.21
showed the surface of the coatings at 0 hour and 1 week for bare, PLGA, 50:50 PLGA:

Rifampicinand 50:50 PLARifampicin

Small metal deformities can be seen on the bare samples at both time points, with no
noticeable difference. The PLGA sample at 0 hour has a very smooth surface, almost shiny
with no deformities. At 1 week, the polymer had lost the shininess and therappézs

along the whole surface with only a few places where the coating had degraded all the
way through to the metal. The 50:BQLGA: Rifampicin coating did not have the same
smoothness as the PLGA coating, with visible striations along the surfaceuléed d
visuals of the metal deformities underneath. At 1 week there were large deformities in the
coatings, with many places where the metal was showing through the coating and less
striations along the surface. The 50B0A: Rifampicincoating was a very solid looking
coating, not as smooth as PLGA but looked unbroken and covered the SS all the way.
Over the week there were ripples on the surface but not very deep ridges and no breaks in

the coating.
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0 Hour 1 Week

2023/07110 1332 L D34 x250 300um 2023/0718 1315 L D30 x250

300 um

2021/08/23 10:26 L D3.4 x200 500 um

D3.8 x250 300 um 2021/08/23

6 L D27 x200 500um

puRRvRe)

2021/08/16 1218 L D30 x200 500um

2021/08/23 10:57 L D32 x200 500 um

Figure 4.21 SEM images at time points 0 hour and 1 week for bare, PLGA, 50:50 PLGA:
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Rifampicin and 50:50 PLARifampicin

The SEM images had to be stop@edtl not all samples were able to getaekk time
point image because the imaging method damaggubtiimercoating at 1 weekausing
deformations oleading it to peel off the sampléghis is believed to be due to the coating
integrity lessening as it degrad&klow are pictured the samples that only had the
time point.

Rif PLA

2022/08/30 14:27 D22 x250 300um

2022/08/11 11.564 D34 x250 300um

60: 40
PLGA:
Ri fampi c

2022/08/1 13:07 D36 x250 300um

2022/08/11 1213 D36 x250 300um

Figure 4.22 SEM images of remaining samples only at time point O Heifempicin

PLA, 75:25 PLGARIifampicin and 60:40 PLGARifampicin

The Rifampicin coating did not have the striations that are seen in each &fLIBA:
Rifampicin coatings. The different polymers had noticeable differences, with the PLGA
having a smoother surface than the PLA. There was not a noticeable visual difference

between the different polymer drug formulations.
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While SEM was a good visualization tool, it had problems with imaging pastwesk
time point and did not give any quantifiable data. The last method explored to show

polymer degradation was AFM measurements.

The colour scales show that the height for the bare SS range#6no +218&m which
is the largest variation in height for all the samples. The PLGA has the smallest range of
height which follows since the SEM images showed a very smooth surface for the PLGA.
The 50:50 formulation has the second largest height variation f20mo +36 nm.

Visually, all the coatings have more peaks across the surface than the bare SS.
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Figure 4.23 AFM 3D renderings of height data with height retraca)dfare S®) PLGA
c) Rifampicind)75:25 PLGA:Rifampicine) 60:40 PLGA:Rifampicinf) 50:50 PLGA:
Rifampicin Other renderings attached in appendix.

The phase data gives us a differasight into the AFM dat&rom a materials mechanical
perspective including if there is a change in stiffness, adhesiviscoelasticity. Eacbf

the samples has a quite distinct phase profile as seen by the difference in colour for each

of the samples. The SS sampbed a generally smooth surface with quite large pitting of
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-700 nm More notable differences can be seen between the different polymer drug
formulations. The 75:25 formulations looks like it has quite consistent variations of the
light and dark regions signifying different compositions across the whole sample. The
50:50has less variations but still a range of different compositions on the surface. The
Rifampicincoating is quite consistent with the range staying within one colour over most

of the surface.

The AFM data was sample over three samples, with two sections Ead.of the
renderings had similar profiles, with the polyrttug coatings having the distinct

pattered surface.
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Figure 4.20 AFM 3D renderings of height data witthaseretrace ofa) bare S) PLGA

c) Rifampicind)75:25 PLGA:Rifampicine) 60:40 PLGA:Rifampicinf) 50:50 PLGA:

Rifampicin

The root mean square roughness (RMS) is the most used roughness parameters as
discussed in AFM theor$ection(2.4) (Raposcet al, 2007) Figure 4.5 plots the root

mean square roughness for each of the different coating types. The bare SS has the highest
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roughness while all the coatings are slightly below 10nm average roughnessnyith

small error. All of the coatings are significantly different from the bare SS.
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Figure 4.5 AFM average roughness root mean square of SS, PRGAmpicin 75:25
PLGA: Rifampicin 60:40 PLGA:Rifampicin and 50:50 PLGARIifampicin One way

ANOVA performed with Tukey post hoc, * represents significantly different from bare SS

(n=3, with total of 6 samplings)

A possible problem with the dip coating method for the samples was when coated there

was a noticeable unevenness between the top of the coating and the bottom. To determine
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how much of a difference occurred across the coating, measurements were taken along

the length of the coating as describe8attion3.4.3.1coating analysis and plotted below.
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Figure 4.26 Thickness measurements for each sample type, with columns representing
average thickness (n=3) (dtarting at left): tip, middle and end of coating. * Representing

statistically significant difference between measured spots on same coating while #
represents significant difference between coating type and a bare SS wire using ANOVA

with Tukey post hoc

The samples show a similar trend of the tip of the coating have a larger coating diameter

than the end of the coating. This is consistent through all the coating types. The only ones
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significant were the&’5:25 coating formulations for both the PLGA and PLA samples.

Also, the only significant difference between the tip and end wagsi25PLA coating.

4.3.4 Non-invasive Drug Detection
A large advantage to electrochemical impedance spectroscopy is the ability to monitor
norrinvasively. A potential noinvasive drug monitoring method would be differential
pulse voltammetry and square wave voltammetry. A test was conductedlaompicin

concentrations in PBS using both these test methods, Fi@iTie 4.

It can be seen there is a clear increase in current Riféimepicinconcentration increased,
occurring around 0.05 V for both differential pulse and square wave voltammetry. The
current raised from O to approximately 0.6 X’Hdnps, when the concentration raised

from O>M to 6 >M.
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Figure 4.27 a) Differential pulse voltammetry ary) square wave voltammetry for range

of Rifampicinconcentrations from M to 6>M in PBS solution (n=1)
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4.4 Discussion
Each section will be discussed individually regarding@hepter 1 aims (Section 3.3)
before discussing contribution to the overall study aim (Section 1.8) this chapter

addresses.

The key aims of this chapter were to determine what factors would influence impedance
measurements, if medical implant metals could be used as electrodes for impedance
measurements, if polymeirug coating degradation could be characterized uS®g
feasibility of using DPV and SWV to measure drug concentrations, and how to

characterize polymeirug coatings as it degrades.

4.4.1 Characterisation of ES System
Initial impedance experiments were focused on experimental factors that could influence
impedance measurements. This study focused on biodegradable pdiagepatings as
described in the coating selection sectiSedtion 2.2 As the polymer degrades, it will
release thdrug,and it therefore needed to be determined how various drug concentrations
within the incubation media may influence impedance measurements. In Figure 4.1, it is
shown that aRifampicin concentration increases there was minimduarice on the
impedance in the lower frequency rangel(D Hz). However, a larger difference in
impedances can be seen in the higher frequency range 1000@00 Hz). Based on what
is known of the impedance behaviour of systems like the one use®ket®K2.1), the
solution resistance becomes more prevalent at higher frequencies according to the
Randl eds equivalent <circuit md¢Shedderetar, e vi o u s

2010) The impedance at 10kHz in Figure 4.1 d), shows a sharp increase in impedance at
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the first introduction oRifampicinwhich can be seen for all electrode types which could
be due tothe change in solutiomhargefrom the first addition ofRifampicin, as
Rifampicin is an electroactive speci{déetronm) The subsequent drop in impedance and
stabilization even with increasing Rifampicin concentration could mean that Rifampicin

does not influence the solution resistance.

The effect of temperature and stirring on the impedance measurements were also
investigated. Implant materials will typically be exposed to a temperaturé Gfia%ivo.
The surface of the implant is also likely to experience fluid forces, with the nature of these

being dependent upon the implant location.

It was found that gentle stirring caused minor changes to the impedance measurements as
seen in Figure 4.3, with an overall minor decrease observed of arouwndoi(Z|. An

earlier study, using a rotating microdisk voltammetry experiment, showed that low ionic
strength solution species show decreasing voltametric currents as the angular velocity
increasegGao and White, 1995fGao and White hypothesized this may be due to the
removal of ions from the electrode surface. However, given the minor differences
observed in the present study, and the overall focus of the work being on the investigation
of impedance measurements imtlow applications such as orthopaedics, it was decided

that the addition of flow added a complexity to the analysis that was not justified. This
also permitted easier drug concentration measurements to be made, which was an essential

feature of the subgeent bacteria experiments.

The temperature of the solution did appear to influence the impedance measurements, with

increased temperature decreasing the overall impedance. This effect was most marked at
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higher frequencies, where such solution effects would be expected to be most dominant.
As the solution temperature increases, the molecules speed up leading to a reduction in
overall resistance and ultimately the total impeddGaamry, 2022)The phase angle was

less sensitive to temperature changes than the impedance. Given these findings, it was
concluded that experiments performed at different temperatures could not be directly

compared.

This study focused on the feasibility of using medical implant metals as the electrode.
Therefore, the metals needed to be investigated for ESgoroperties. The metals used

for this study are SS, Ti, and CoCr all common metal implant matefatgionl.1.1).

Each metal haslifferent formationsof oxide layers therefore ashortterm study was
performed to determine the metals stability over time and how the formation of different

oxide films influences impedance.

The first experiment was performed at room temperature for 1 week in the fixed system
to lessen sample variations. The total impedance spectra of each metal as seen in Figure
4.8 have similar impedance profiles with very minimal changes over 1 week. @dCr h
more variation across the whole impedance spectra than the other metals, while Ti had
variations in the lower frequency range. Each of these metals can form different oxide
layers that depend on temperature and the environment which could attribbie to t
different impedance spectra seen in this siidyup et al, 2021, Jelovica Badovinat

al., 2019, Wanget al, 2020)When compared to Rifampicincoated sample, the metals

are stable and not significantly different from each other.Rifempicincoated samples

had a large increase in impedance across the whole frequency range as the drug was
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released from the surface of the metal as seen in Figure 4.8 d. This difference is
highlighted in Figure 4.9, witlRifampicin having a significant change over 1 week in
phase angle, at high and low frequencies while also being significantly different from the
metals in impedance at high and low frequencies. These results show the metals can be
used as an electrode within thetsys without needing significant consideration of their

properties or different oxide layer formations significantly affectingitiggedance.

4.4.2 Impedance of polymerdrug coatings
Most impedance studies focus on an idealized system that uses gold or platinum electrodes
as described in commercially available BI®1 ESSectionl.7). Since the central aim of
this thesis is to investigate the utility of impedance measurements as a means of
monitoring the bacteriamplant interface, it was decided to move beyond the simplified
wire-electrode measurements outlined above. Inspiyetthd previous work of Shedden
et al, 2010, these experiments investigated the impedance characterisbozoércially
available implants. The first implant material investigated was a-$itoNmus coated

stent, which was compared to a 50:50 PL&&Kampicincoated wire model.

Figure 4.5 a and b shows the total impedance spectra for the stent and the wire model are
very similar in magnitude and shape. In Figure 4.5 ¢ and d, an initial decrease in
impedance over the first 3 hours is observed, followed by a gradual increadeeavexit

3 hours. This early reduction in impedance likely reflects water uptake immediately
following immersion of the coated stgBngineeret al, 2011, Gentilet al, 2014) Once

the PLA on the stent has absorbed water, conductivity will increase dugetrease in

densityleading to an increase in impedance
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The differences between the stent &u@GA: Rifampicincoated wire model can be seen

in Figure 4.5 ¢ and d with the stent having a larger initial decrease in the first 3 hours
followed by an increase in impedance over the following 3 hours. PLGA and PLA have
different crystalline structures, with PLGA beingharphous and PLA having semt
crystalline structure as describedSection1.2.21. PLGAG6s amor phous nat
quicker degradation times and quicker release of imbedded drug while PLA ablows f
more water absorption and slower degradation. Another difference between the two
polymers can be seen kigure 4.7, with the PLGARifampicin model having released
most of the drug within 3 hours of incubation and having 13X more drug released than
the PLA sirolimus stenthis could be due to the stent having a thinner coating and slower
degradation time with PLAWhile the stent and model had two different polysderg
combinations the impedance profiles were comparable, lending to the model being

acarate for manufactured medical device surfaces.

Once it was established that the wire model could be used, long term studies were
performed using different polymeirug formulations. SS was used as the base metal for
all the polymerdrug experiments as it had the most stability over time, séégune4.8.

The bare metal impedance results were compared to PLGA and PLA formulation coated
samples. The PLGA formulations had two distinct impedance profil&sglme4.11, the

first two graphs had higher polymer concentrations, and their impedance pnadies

more linear across the whole impedance spectra. A thicker polymer coating had more
overall resistance as described by Zha@mgng et al, 2015) The lower polymer

concentrations had impedance profiles that were more similar to the metal profiles, with
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the main difference being the magnitude of the impedance decreased over time. This
occurs for all PLGA samples, correlating to the degradation of polymer leading to a
decrease in resistance. Zhong compared impedance of a modeldelaBAistainless
steelsample to a PLGAoated stent, and related EIS to mass loss. He saw a clear decrease
in impedance over 50 days for both his model and stent, that followed a clear change in
mass when incubated in PBS and changes in the microstructure of the coatingrkl he w

in this study shows that the addition of drug does influence the impedance spectra, but the
polymer degradation still dominates the impedance changes over time. The impedance
and phase data have similar trends at both thézlénd 10kHz for the PLGA samples.
Figure4.12 shows that PLGA and 75:25 have the highest impedance and the most change
over timelikely attributed to the thicker coating which created more resistahogvn by

their significant differences between them and the SS and lower polgmuarlations.

The PLA samples had very thick coatings du
profiles shown in Figure 4.14 do not show consistent decreases in impedance over time.

The standard error was larger for PLA than PLGA, more likely related to variations i
coatings. More in depth look at the impedances can be séeguire4.15, where there

were no significant differences in impedance between PLA formulations.

A fast evaluation method was preferred over circuit modelling and intensive maths
evaluation methods for this study. This is because circuit modelling can be associated with
great error as multiple circuits can be fitted to the same data. This studycaseplizated

system where the circuit would need to change as the polymer degraded and the drug

released making its fitting difficuliLoveday, 2004)Many assumptions would also need
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to be made as the circuit changes which could lead to an inaccurate model or inaccurate

conclusions based off the assumptions.

As described irSection2.1, there are many theoretical methods for fast evaluation of
coating effectiveness. ThiSectionlooked at the different fast evaluation methods
including impedance at 10 Hz andKkidz, phase angle at Hr and 1kHz, and changing
rate of impedance and phase angle at 10Hz and 1zt al, 2008, Bing, 2012, Xia

et al, 2012)

The impedance at 18z and 1kHz showed obvious decreases in impedance over time
for the higher PLGA concentrations. The 50:50 and 60:40 PL&H#&ampicin
concentrations had significant differences in impedance over time and were significantly
different from the bare electrode. This trend was also repeated in the phase angle data for

both frequencies.

The PLGA results are supported by Zuobs ar
compared equivalent circuit analysis to phase angle dadzl@nd 100Hz for epoxy

coatings. They found that 18z and 10kHz for phase angle had similar variations
compared to the coating resistance which reflected the coating perfor(Zaiocet al,
2008)(Mahdavian and Attar, 2006Xhangalso used lpase anglat 10 Hz and 1kHz to

evaluate polymer coatings on metal substrégdbanget al., 2023)

The current studyhowed the potential use oimpedance and phase angle certain
frequenciesas afastevaluation method for polymeirug coatingsThe changes seen in

impedance and phase angle correlated to the expected time it takes for the polymer to
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degrade and drug release. This is shown in the drug measurementFepui<..17. The

50:50 PLGA:Rifampicinhad the most drug released over theekk period with 60:40
releasing the next highest amount. These formulations released drug rapidly in the first 24
hours and then had a slower release over the week. The impedance data followed this
trend, withFigure4.12 showing the most change in impedance over the first 48 hours

followed by a smaller change over the rest of the week.

The changing rate of impedance and phase angle did not show the same trends in the
polymerdrug samplesFigure4.13 and 4.16 showed the changing rate for phase angle
and impedance for both the PLGA and PLA samples, but there were no significant
changes over time. When looking at the full impedance spedkigumes 4.11 and 4.14,

the shape of the impedance spectra does not change over time, only the magnitude of the
impedance changed. Therefore, the rate of change fast evaluation method was not suitable
for this type of study. It had previously been used for fast corrosion organic coatings on
metals. XiaXia et al, 2012)studied an organic epoxy coating submergeffunctional
beverage, as des cr i twerd54 tays ahddoekedsabchanging rate of phase
angle. The epoxy coating only had three stages of degradation: penetration, corrosion
initiation, and delamination of coating leading to complete degradation. As discussed in
Sectionl.2.2.1, biodegradable polymers have four stages of degradation: water diffusion,
oligomers with acidic endgroups autocatalyzing, oligomers diffuse out from polymer

and create naropores for the drug to release with water taking spot of drug, and then the
polymeric matrix becoming highly porous and degradation conti(iegineeret al.,

2011) The very different degradation processes and length of incubation could explain
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why the changing rate of impedance and phase angle could not be used as a fast evaluation

method for these polymeirug coatings.

The PLGA samples showed promising results of relatable changes in impedance and
phase angle to drug release and polymer degradation, especially in short time periods. The
PLA samples did not have many significant differences in any of the samples for
impedance or phase angle. Due to the large standard error between PLA samples and the
lack of significant differences between formulations, PLA was not taken forward in

further testing.

The experiment was repeated in’G#vith only PLGA: Rifampicin formulations for 2
months to determine how temperature and longer time periods affected the degradation

rate and impedance changes.

The metals impedance at 118z increased until theweek time point but had little change

at 10kHz, Figure4.18 a) and ). The change at 18z could be associated with the oxide
layer formation as discussed in the previous section. Oxide layers form faster at higher
temperatures, therefore the larger changes seefi@wvarsus room temperature could be
related to the faster formation of an oxide laferans, 2001) The Rifampicin samples

were significantly different from the metals at 10Hz. It also had significant changes at the
4 week and Znonth time points correlating to when the drug would be completely

dispersed from the surface.

The impedance of the PLGRifampicinformulations showed less significant change for

the lower formulation samples, 60:40 and 50:50, at the longer time points compared to the
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shorter room temperature work. This could be due to the quicker degradation of the

polymer leading to faster changes. The phase angle was more informative with changes
being more noticeable for the longer degradation times and significant differences being

seen between all the different PLGRifampicin formulations especially at the 10Hz

frequency seen in Figureld.

Fanet al (Fanet al, 2021)perfamed a similar experiment analysing an epoxy coating on
steel in an acidic environment and related corrosion characteristics to several fast
evaluation methods and the gold standard of equivalent circuit modelling. They found that

the phase angle at kBiz represented thdelamination of the coating.

4.4.3 Polymer Evaluation
To interpret the impedance measurements for the polgnogrcoatings, the polymer was
evaluated for changes over time. There were several proposed methods on how to

characterize the polymer degradation: mass loss, SEM, and AFM.

The mass measurements were gold standard for determining how much polymer had
degraded as demonstrated by Zhéfigonget al, 2015) In Table4.1, the mass gain was
minor, with less than 5mg for any sample type. These mass measurements were too small,
and the equipment used not sensitive enough to gain any understanding into the polymer
degradation. There was a higher chance of inaccuratéodatach small masses therefore

alternative ways were explored.

SEM images were taken at two different time points, time 0 and 1 week. Figure 4.24 shows

side by side images of bare metal, PLGA, 50:50 PL&#&ampicin, and 50:50 PLA:

126



Rifampicin at the two different time points. The PLGA and 50:50 PL®#ampicin
samples had noticeable surface deformations after 1 week. PLGA has a degradation period
of 1218 days while PLA has over 24 days, which could account for PLA not showing
obvious deformation@Gentileet al, 2014) Imaging could not be taken forward after one
week due to the securement method for imaging damaged the coating once the coating

had been compromised through degradation.

AFM was used in tapping mode to gain information on roughness and phase imaging of
the polymerdrug coatings as discussed3action2.4. Roughness was used as a polymer
degradation evaluation based on Sitaal, as the polymer degrades roughness should
change and give indication to degradai{Siva et al, 2023) A visual assessment of the
height and phase was performedragures 4.26 and 4.27. The polymer and polyrdarg
coatings had a noticeable difference in height profiles from the bare mdtgjuhe4.26

a) the bare metal had a smooth surface with little pitting and the largest height variation
compared to the other samples. The coated samples had smaller height variatiads but

a structured patteracross the surfacmore likelyattributed to the polymer.

The phase images gave a different outlook on the AFM data, as discuSsadiam2.4

relating to composition and adhesion. The bare metal had a more uniform image with
higher phase angle, while the other samples had a larger range in angle with noticeable
peaks that could relate to the polymer and drug differencesetliused AFM to
characterize the surface of a PLA Everolimus stent and an EVAL Everolimug\stent

et al, 2010) They also saw two phase separated structures with circular domains on the

stents, with data showing initial drug covered surface compared to the bulk properties.
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After elution there was a rapid loss of material form the surface followed by slow
degradation of the polymeMarques used AFM to differentiate between bioactive

coatings on T{Marqueset al, 2015)

The RMS was plotted for each of the different surfac&sgare4.28. Each of the coatings
was significantly different from the bare control metal. This showed promising results for
using AFM to characterize the surface of the coatamgscould potentially be used in the
future to gain insights inteurface changes when compared to impedance chartgss
study was to determine how well AFM characterized the surface of petmegicoatings

and how to optimize the methodology of the AFM measurements.

A potential problem with the measurements could bewenness of the coating through

the dip method. Thickness measurements were performed at various points to determine
how much variation was within the coatings. Higure 4.29, it showed there was a
noticeable difference between the tip and end of the coatings lending to some
inconsistencies but there were only significant differences in the thicker coatings. As these
formulations would not be taken forward into later ekpents, the coating method was
deemed usable for later experiments with consideration to mitigation efforts to eliminate
variations including controlled amount of coating put onto the surface and even

application using a tool

4.4.4 Drug Detection
In the ES discussionSection4.2.1, UV spectrophotometry is used to determine drug
released from the samples. This is a commonly used method for drug detection and works

well for larger drug release, specifically in the beginning of the release period that these
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initial experiments focused on. The longer drug release experiments would be more
difficult to detect due to smaller drug concentrations. This method also requires samples
to be taken out from the incubation media and measured at later time points, teading

the potential of the drug to degrade. A new real time analysis method of drug detection

was looked at for this experiment.

As discussed inSection 2.2, Rifampicin was chosen for its superior antimicrobial
qualities, especially againSt aureusAnother key feature of this drug is its electroactive
nature, meaning it can be electrochemically detected through its oxidation réKction
2020) This oxidation reaction is mainly studied using modified glassy carbon
electrodefAmidi et al, 2017, Kul, 2020, RadHt al, 2019) This study looked at using

an unmodified glassy carbon electrode to determine if it was sensitive enough to still

detect theRifampicinconcentration through DPV and SWV.

Initial experiments seen iRigure4.30 had a clear increase in current, ranging from 0 to

7 x 108, with increasingRifampicinconcentration. This result provided similar results to
Kul and Amidi (Kul, 2020, Amidiet al, 2017) They both used a modified GCE with
poly-melamine and carbon nanotube to mea®ifampicin concentrations and saw a
clear linear increase in current with increased concentration at approximately 0.17 V.

When this study was repeated, variable results were given using-thedified GCE.

Whenthis experiment wagerformed on nutrient brottherewasno correlation between
concentratiorand the produced curvé€¥u et al, 2011) Broth dd not follow a pattern
for the DPV most likely due to thether proteins including peptoiiBaeecet al, 2017)

within that overpowers thRifampicinelectrochemical signal.
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4.5 System Limitations

This experimental work had many limitations that are discussed in this section.

Initial variable experiments were performed with an n of 1, which did not constitute
enough data points to run statistical analysis on the results. The electrodes were also not
securely fixed in the initial experiments, allowing for minor variations ia datlection

that could cause some minor differences in impedance data. The later fixed system also
had a few variations between setups that could have small variations in impedance
measurements because the counter electrode was used for all experiraairig meas

moved between each measurement.

The stent measurements had insecure connections that did not allow for long experimental
times. The experiment had to be stopped after 10 hours because the clamp that held the
stent was causing deformities in the coating. An attempt at attaching a wstalite

connection was unsuccessful therefore long incubation studies were not carried out on the

stent.

The analysis methods for impedance, the changing rate of impedance and changing rate
of phase full spectra did not allow for statistical analysis. This presented a significant

challenge in using it as an analysis method in comparison to a single chosemdse

The chosen coating method presented a few challenges. Uneven coatings could lead to
variations in measurements and uneven degradation. There could be variations from

sample to sample, leading to surface characterization to be inaccurate. All efforts were
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implemented to minimize these variations through steady dipping, drying methods, and

coating measurements.

When measuring drug release, the total amount of drug or polymer from the samples was
not fully determinedas the total amount of drug was not released in the short time span
and could not be calculated based on the dip mefhoerefore, total drug released was

measured in relation the finaltime point and not total drug in the coating.

The SEM as discussed had limitations to its measurements. The fixation that held the
samples for imaging damaged the coating once the coating had started to degrade, not
allowing for later time points to be imaged. The AFM also had limitatiocisiding the

limited size of the area measured when compared to larger surface morpkdtalgythe

surface could be measured, and certain aspects of the coating obtained specifically through
phase imaging, differences could only be determined after long degrguktias. There

are impedance changes that need to be accounted for before the polymer starts to degrade

that need to be determined before major surface morphological changes.

4.6 Future Work

A few limitations were spotted in the experiments performed. The stent impedance
measurements had to be stopped after only 10 hours. A different experimental method
would be beneficial to perform long term experiments on the steloding a connection
method that would allow full submersion and not damage the gtarihvestigation of

other medical implants as electrodes would also add to the feasibility of using medical

implants as selfeporting on infections.
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This study limited focus to polymelrug coatings as an antimicrobial coating but as

discussed irBectionl.2, there are many new developments in antibacterial techniques
being applied to medical implants. Testing many of the different techniques and
determining their influence on impedance would be necessary to further the validation of

usingESas a nordestructive evaluation of antimicrobial performance.

This study also limited the scope to stable conditions to allow for drug measurements. To
mimic the in vivo conditions of the medical device more accurately, flow conditions
would need to be investigated on how it influences polymer degradation andldasgre

as well as biofilm growth in later experiments.

This experimental work looked at using an unmodified GCE to make drug concentration
measurements. A further experimentation would be looked at in using other metals to
measure the drug concentrations and see how small of concentrations could be measured
usng a nonideal surface. It would also be beneficial to determine if drug concentrations

could be detected in more complex media, like blood.

4.7 Summary

From this study, it can be stated that impedance spectroscopy may be able to non
invasively characterise degradation of polyrdarg coatings on some common medical
device metals. The impedances profiles of varying polyineg formulations show
distinct \ariations, with the higher PLGA concentrations having overall higher
impedances and the lower PLGA concentrations having a similar profile to bare
electrodes, with the exception of a decrease in impedance over time as the polymer

degrades. The significadifferences are seen in both impedance and negative phase angle
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in the higher and lower frequency range, with the 50:50 and 60:40 formulations always

being significantly different from the control electrode.

Impedance spectroscopy could be a potential method tinmasively characterise the
effectiveness of antibacterial coatings for medical implants in real time. The results show
thatES can be used in vitro to characterize different types of pohdney coatings and
monitor the degradation of the polymer. With further development, this can inform device
manufacturers and clinicians about how much polymer may be expected to degrade in
vivo and can give more real time data as to how different potdnugy famulations
perform and how much drug is released. As discussgedtionl.5 (Clinical and research
needs) there is a lack of knowledge surrounding the real time performance of antibacterial
coatings, therefore more knowledge on how the coatings perform in real time and their
effectives would be of great benefit in creatingvrtechnology and perfecting existing

technologies.

The work described has provided a platform upon which to go on to investigate the extent
to which the impedance measurements system can be deployed for monitoring bacterial

growth on medical deviekke surfaces. This forms the basis of the next resuliptein.
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5 Chapter 5 Novel ES System Development

5.1 Introduction

In the first results chapter, a conventional measurement system was used to investigate if
EScould be used as a means of monitoring polydnag coating degradation on common
medical implant metals. It was shown that impedance variations of 50:50 and 60:40
formulations were significantly different than the control electrode and had a decrease in
impedance over time as the polymer degrades and the drug is released. How&®r, the
system usewvould not allow foreasyassessment of bactdrgrowth,and alsalisplayed

high variability and low repeatabilityith the wire electroded he present chapter details
investigations made to address these limitations, leading to the development of a device
that used medical device metals as the working electrode, being modified with an
antibacterial coating anthereby enabling measurement of biofilm formation on such
surface coatingsThe next stepvas to test the effect of the polymerug coatings on
bacteria. In order to achieve this overall aim, it was necessary to review the electrode
configurations used within existing devices reported in the literature before going on to
detail how they have beeused for measurement of cell and bacterial growth. This
provides a framework for identification of opportunities to develop a novel system to

address the specific challenges set out in this study.

5.1.1 Electrode Designs
In Sectionl.6, the commercially available El&d ESsystems were discussed in some
detail, with reference to their applications within relevant literature. Most of these existing

systems have a planar electrode orientation. Most planar electrode orientations do not have

134



a removable electrode which within this study would make modification of the electrode
difficult as well as direct enumeration less accurate. Given this limitation, a series of non
commercial system have also been investigated within this research. Balis@arssed

in the following sections, with systems grouped according to the electrode orientation

used.

5.1.1.1 Planar
A planar orientation refers to the electrodes being on the bottom of a culture area. This is
a common orientation for commercialpedance systemased in both bacteria and cell

impedance measurements.

A widely used commercially available system is the xCelligence real time cell analyser
(RTCA) as discussed iBectionl.6. This microelectrode array uses aWwéll or 16well

plate orientation with the gold microelectrodes on the bottom of the wells and uses a cell
index reading which is the ratio of the impedance at time O versus the current
measuremengt 10kHz for impedance analysis, showirigure5.1. A number of studies
used this system to measure bacterial biofilm formation. Gutieeteal grew
Sreptococcusnutansn the presence of varying glucose and sucrose concentrations over
a 24 hour time periodGutierrezet al, 2016) They found significant bacterial strain
differences began in the cell index following ahd@ur incubation period versus controls.
They found darger biofilm productiorcorrelatedwith a larger increase in the cell index
with populations above 1OCFU/mI. They also tested the inhibition of biofilm growth
with endolysin LysH5 and found a significant decrease in cell index at-floei8time

point. This shows that a significant difference in impedance readings can occur within a
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24-hour time period, specifically a difference when a biofilm inhibitor is added versus no
inhibitor. Van Duurenet al also used the xCelligence system to investigate the
effectiveness of targinine, ciprofloxacin, tobramycin and meropenenfomaeruginosa
biofilms over 70 hours and found that the slope of the cell index timeincreased as

drug concentration increased, which also affected the biofilm gresathDuureret al,

2017) The higher the concentration of the drugs the less bacteria, leading to a higher slope
in the cell index. A range of drug concentrations would need to be tested in order to
determine when drug effectiveness decreased and how it affected bacterialagroweth

as impedancmeasurements.

E-plate E-plate well
(16-wells) (top view)

7 N

Gold electrodes
(front view well)

A 4
ittt ot

Electrical impedance: measure of
the opposition that a circuit
presents to a current when a

voltage is applied.

2

Converted in the arbitrary unit
“Cell Index” (Cl)

Figure 5.1 Schematic okCelligence RTCA system from Gutieretal (Gutierrezet al.,
2016) E-plates (16wells) where bacteria areultured ina planar system with view of

individual well gold electrode orientation.
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Ward et al created a novel impedanbased biosensor with carbon ink to create a low
cost, point of care, disposable senfdfard et al, 2018) It was shown to deted?.
aeruginosan nutrient broth, with some noted differences when bacteria formed a pellicle

a floating biofilm, at the surface air contact versus attaching to the electidue.
formation of this pellicle on the surface miagrease thesolution resistancand could
influence the impedance readingghis would need to be considered when taking
impedance readings and analysing results, either through separate tests of potential pellicle
formation or ensuring pellicle was fully remed at some point in the experimental

process.

Hollandet alused electroplated gold electrodes to measure different vascular cell lines in
culture. It was reported that the impedance characteristics wetgplitlependent with
endothelial cells, HUVECs and smooth muscle cells displaying distinct reactancesprofil
The ESsystem used by Hollaret alis very easy to reproduce, low cost and can be used
with a range of electrode materigldolland et al, 2018) This system also used a
relatively wide frequency range-(0kHz) versus the xCelligence system that only uses
10 kHz, thereby potentially missing important frequency dependent information.
Therefore, Hollands planar electrode orientation with gold electrodes was taken forward

in this study as the known system with common electrode materials.

5.1.1.2 Vertical
Another common orientation, more often used in novel degieels ad eeet alb matrix
of vertical electrodesHgure5.2 (a)), Panet ald single channel 3D sensor uniigure

52 (b)), and De Agua et alb spoly (3,4ethylenedioxythiophene) xanthan gum
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electroactive scaffoldHjgure 5.2 (c)), is the vertical orientation. This refers to the
electrodes being vertical and placed within the culture media surrounded by bacteria

culture. This was more common in 3D cell measurement systems, for spatial readings.

<RE
Pt mesh (CE)-

PEDOT:XG
Scaffold
PDMS we\i J 4 +WE
P
0\3"6
Alginate hydrogel
encapsulated cells Singel channel 3D sensor unit
Figure 5.2 Schematidor a) Leeetabs matri x of vertical el ec

hydrogel with cellsb) Panetald s si ngl e channe)De BgDaetaalé s sor u

PEDOT sensor(Lee et al., 2016, Pan et al., 2019, Xu et al., 2016, del Agua et al., 2018)

Paredes performed an experiment comparing different experimental setups for
specifically in regard to culture area and fl{Raredegt al, 2014b) The different setups
investigated were a 9&ell microtiter plate, petri dish, modified CDC biofilm reactor and

ad hoclab tester simulating central venous port performarkagu(e 5.3). All the
experimental setips had a vertical orientation, except for the lab tester that had planar
microelectrodes. Of the apparatus investigated, theébplate displayed the smallest
relative variation in resistance in responsgtaphylococcus epidermidacterial growth

versus time 0 at 15% variation at M@, with the petri dish coming at 40% variation of
resistance. The biofilm reactor had the largest variation with 60% capacitance change and
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the lab tester having similar 50% capacitance variation. This showed the biofilm reactor
and lab tester are ideal candidates for biofilm measurements, the 40% relative change of
the petri dish highlights a larger culturelumeof ~50ml is better than a smaller culture

volumeof 300> for this particular measurement systand that vertical orientations can

still grow bacteria and see a change in resiggaéures indicating biofilm growth.

)

|
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Time 0 /—_V\
\+ AV

¢ |
e sl s
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(a)
G
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|

Time t

B

A s > 89 4 ‘e

e Alive bacterial cell e Dead bacterial cell Extracellular matrix

Figure 5.3 Schematic oParedeset al comparison setip for biosensor¢Paredeset al.,

2014a) a) 96-well microtiter platep) petri dish,c) modified CDC biofilm reactor, andi)

lab-tester device. Time t represents the time at which biofilm has reached a mature stage.

Vertical electrodes have also been used for 3D impedance measurements of mammalian
cells. 2D cultured EIS measurements typically have cells attaching to planar electrodes.
In contrast, within 3D cultures, cells are incorporated and cultured within a ldcaffo
structure, typically made from biopolyme(Pe Lednet al, 2020) De Leonet al

evaluated several different 3D monitoring systems, mostly through the use of vertical
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electrodes three of which are displayedHigure 5.2. They found that while such
configurations can monitor cell proliferation, every device was highly customized for
specific application and standardization was not easily obtained. The systems also had low
resolution, only giving qualitative informatioat a tissue level as opposed to a cellular
level. This is due to little characterisation of the effects of matrix composition like
hydrogels have on cell structure and function as well as effect on impedance response.
More work is needed on this charattation before 3D impedance measurements can be

taken forward and placed in more complex experiments.

5.1.1.3 Non-contact

In the above studies, the electrodes were in direct contact with the cells or-8eatfeld
interface. In this section, alternative configurations are explored in which there is no direct
contact between the electrodes and the cells or substufath could allow for
measurements of surfaces without a need to contact the surface or possibly disrupt the
biofilm. Such systems generally consist of an electrode that is suspended above the

growing cell culture or biofilm without direct contact.

Turick et al 2020 used a flat patterned graphite electrode across from a glass slide
supported by an aluminium coupdfiqure5.4) and showed that the greater the bacteria

density the more pronounced the EIS response, specifically an incrégssith increase

in bacteria biomass andcrease N0 whi ch represents i magi na
technigue allowed for no disruption to measure the biofilm, indicating that bacterial
attachment to the electrode is not always necessary for measurement mf foiofibtion

(Turick et al, 2020)
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nernt spacer

Figure 5.4 Schematic ofTurick et al patterned electrode used for roontact

measurementgTurick et al, 2020)

5.1.2 Bacteria ES analysis methods
ES data can be interpreted in various ways depending on the application being
investigated. The electrode type can change magnitude of impedance and variability
within measurementbased on the metal properti€Similarly, the orientation of the
electrodes can impact upon the measurements obtained depending on how bacteria
attaches and how measurements are obtais¢hke resistive and capacitive features will

change depending on if the bacteria is on the electrodes and how they cover the electrode

As discussed in previous sectionsimpedanceadata analysis (Sections Zahd4.2.1)a
common method of analysis includes equivalent circuit modelling. Such approaches for
modelling bacterial growth can rapidly become quite complex, with many assumptions

having to be made to create a circuit. A study by-Beav et alused equivalent circuits
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to model E. coli attachment to indiurin-oxide electrodes. They then tracked the
capacitance and resistance together assuming a solution resistance, biomaterial
capacitance, biomaterial resistance, charge transfer resistance, and constant phase element
for the solutiorelectrode interface as well as a linear diffusion boun@BgnYoav et

al., 2011) While the resistance and capacitance they calculated could be associated with
each of these elements, there could be other factors that influence those parameters that
they did not consider like the potential of pellicle as mentioned by \&taati(\Ward et

al., 2018) But as mentioned, circuit equivalence makes assumptions and change based on
orientation as one orientation may have cell or bacterial contact with the electrode and
need a double layer capacitance value while another orientation may have no contact and
need to exclude this element in a circuit. A common method used to address such potential
complexities, is to use normalisation procedures when analysing the measurement data

collected.

Normalising impedance and phase can highlight trends shown in impedance data. Many
researchers have used this method to monitor biofilm growth. \Wa@l used the
normalisation of selected variables to track biofilm growtR.ateruginosan a caculture

with S. aureus They focused on peaks occurring at certain frequencies to characterise
biofilm growth at around 100Hz. They found that addition gbhenazine pigment
pyocyanin pigment used to coloU?. aeruginosainto bacterial culture yields distinct
changes in phase depending on concentration at 100d et al, 2014) Pennington

and Van de Walle also used this method to study changes in CyReéallFeline Kidney

cells infected with felid herpesvirus type 1. Higher frequencies frokH¥Go 1MHz are
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generally used in cell analysis, this is shown by their analysis of cells &H46
(Pennington and Van de Walle, 201Paredegt alalso investigated relative variation of
impedance across Hy, 100Hz, 1kHz, and 1kHz (Parede®t al, 2014a) They found
that 10Hz and 100Hz showed the most variation over the 24 hour incubation period,

especially in the CDC reactor and Lab tester.

Other studies have focused on a particular impedance when analysing resudtsalLiu
foundthe largesthanges in impedance a2IHz when measurin§almonellaandE. coli

while also evaluating the total impedance and comparing to an equivalent (tingiet

al., 2018) Each of these methods allows certain changes to be highlighted depending on
bacteria and cell type. The normalisation allows electrode to electrode variation to be

controlled for, thereby minimising variability in the datasets generated.

5.2 Chapter Aims and Obijectives

As described in Section 1.8, the overall aim of this chapter was to:

1 design and develop am vitro test system using medical device metals as

electrodes that can nenvasively characterize biofilm formation

The specific objectives for the experiments used to address this aim in Chapter 5 are

detailed below:

1 Investigate the impedance characteristi@dbrampositive andGram negative
bacterid growth on planar gold electrode surfaces
1 Develop methods to nenvasively characterisén vitro biofilm growth on

electrodes
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1 Establish design criteria and critically evaluate the performance of the methods to
help inform the development of an advanced test system

1 Design and validate the advandeditro test system against design criteria

5.3 Methods

5.3.1 General Materials

Material Company Location
Lab-Tek chamber slides Nunc USA
Silver conductivepaste Electrolube Leicestershire, UK
SYLGARD 184 silicong Dow Europe Germany
elastomer kid (PDMS)
Staphylococcus aureus NCT NCTC: National| Colindale, UK
4135 Collection of  Type
Cultures
P. aeruginosaNCTC 9009 NCTC: National| Colindale, UK
Collection of Type
Cultures
Nutrient/tryptone soya agd Oxoid UK
and nutrient/ tryptone soy
broth
Acetic Acid UK
BRAND 6-well Cell Culture| SigmaAldrich UK
Insert, PEGmembrane
Lab-Tek chamber slides Nunc USA
Stainless steel (SS) (304| Goodfellow Cambridge, UK
annealed, 0.25mm thickness
titanium/aluminium/vanadiun Goodfellow Cambridge, UK
(Ti90) (Ti90/Al6/V4) fall

5.3.2 General Equipment

Equipment Company Location
AGAR Auto Sputter Coater | Agar Scientific Essex
Daro UV systems Sudbury Suffolk
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5.3.3 Devicel DesignFabrication
These initial bacteria experiments focused on ideal electrodes, gold, as a reference for later
experimentsGold electrodes were sputter coatibdough a laser cut mask 40mA at
0.03mb Argon for a thickness df44 nm onto 35mm diameter petri dish surfaces that
had acounterelectrode (100mn¥) and 4 smaller working electrodes (77 each)
(Hollandet al, 2018) A 4.2cn? culture cube (La¥lek chamber slide, Nunc, USA) was
then sealed onto the celllture area using Polydimethylsiloxane (PDMS). Thin copper
wires were attached to each electranethe outside of the culture tulusing silver

conductivepaste.

Plan view

=
=
S

7

Cell
culture
area

Side view Chamber
hopsing

Petri '/ Electrodes x
4

Figure 55a)Schemati ¢ of (Haldnd & ald2018) Initiallg usegdnfor

experimenton ideal, gold, surface. Plan view shows the counter electrode on left and
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working electrodes on right with detailed measurements. The grey box and shaded area

represent the culture areh) Picture of Hollands design used within this study

The electrodes were sterilized by UV light at 28 watts for 15 minutes prior to use in

bacteria culture experiments.

5.3.4 Bacteria testdevicedesign 1

5.3.4.1 Bacteria Preparation

The Iacteria used for this experiment weSéaphylococcus aureudCTC 4135 and
PseudomonaaeruginosaNCTC 9009. Bacteria werailtured in50ml nutrient broth and
incubated at 3T for 1824 hours under rotary conditions (120 rp@lltureswere then
centrifuged at 4300 rpm for 10 minutesd the gpernatantemoved andhe tacterial

cell pellets were resuspended and serially dilut€tt10)in sterile PBS, to the required
cell densityof 10° CFU/mlfor experimental use, withighfinal dilution being into nutrient

broth.

5.3.4.2 ESof Biofilm

5.3.4.2.1 Measurement of nutrient broth alone

New sterilgesting chambemwerefilled with 3ml of sterile nutrient broth without bacteria

ES measurements taken at time O then placed into incubatof@t B3 measurements
were then performed at incubation hours 1, 3, 6, and 24 hours on sterile nutrient broth
Parameteyof interest were normalised basedtbae equationbelow (Ward et al., 2014,

Lind et al., 1991)




The '0O0 0 is the normalised impedance parameter of interest, WBile® is the
measured impedance parameWith data presented as mean with standard effbis

data analysis and presentation was used on all folloe8experiments.

5.3.4.2.2 Measurement of biofilm formation

New sterile testing chamber were filled with 3ml of sterile nutrient broth without bacteria
andES measurements performedutrient broth was removed and replaced with 3ml of
10° of eitherS. aureusor P. aeruginosaES measurements were taken immediately after

addition of bacterial suspensiofhe ciambers were placed into “€7incubatorand then

ESmeasurements were taken at incubation hours 1, 3, 6, and 24

At 24 hours, bacterial suspension was removed and electrodes were washechath 1
sterile PBS taemoveany bacterial cells not attached to electro@asl of new sterile

broth was added to the chamheitsen me final ES measurement was takevith new

sterile broth to determine what impedance measurement represented attached bacteria
The esultswereplotted as average impedance and normalised impedance with standard

error.

5.3.4.2.3 Measurement of bacteria byproducts

It was of interest to determine if anything produced by the bacteria cells would affect the
ES The sipernatant oboth S. aureusand P. aeruginosawas saved from the process
described inSection5.3.4.1 Bacteria Preparation aboMew steriletesting chamber
werefilled with 3 ml of sterile nutrient broth without bacteaadES measurementsere

taken immediatelyNutrient broth was removed and 3ml of supernatant of éghaureus
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or P. aeruginosawas placed intoa testing chambeand a ES measurement othe

supernatanivas taken immediately

5.3.4.2.4 Evaluation of Biofilm
Crystal violet staining was used as a quick visual indicator of bacterial growth on

chambers in initial bacterial experiments.

For biofilm staining 400> 0.1% crystal violet solution was added to each chamatber

final incubationES measurements were performed and all broth remokédr 15
minutes, all excessrystal violet was removed by running chambers under running tap
water and allowed 15 minutes to air dBpund crystal violet was released by adding 500
> bf 30% acetic acid solution which was then manually agitated evemyidutes for 10
minutes All stepswerecarried out at room temperatu(®eeterset al, 2008) (Shaoet

al., 2019) Datawasshown as pictures to visually indicate bacterial growth

As crystal violet confirmed bacterial growth in initial experiments, direct enumeration was
used in further experiments to determine exact bacterial counts. ESt@easurements,
biofilm was recovered from chamber using a PBS moistened sterile -tipipexa swab

The swab was rolled over all electrodes 15 times while turning and kept consistent

between each testing chamber

The swab was then submerged in #I3PBS (with 500> 8%Tween and vortexed for 1
minute to resuspend the bactdriam the swab into the suspensidinis suspension was

then serially diluted (down to ¥pand100> ¥olumes spreaih triplicate orio agar plates

The aar plates were thencubated for 24 hourat 37°C and the colomforming units
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(CFU) were then enumeratéblicKenzieet al, 2013) The aerage bacterial count was

found, then wused to calculate CFU/chambgiven the equation below.

6 "O°Y e e pfta y
—. 0 WONDWO BEQBRDNY 'O — QI OO E € |
A WQI @ e av

Data presented as CFU/chamber with standard.error

5.4 Bacteria Resilts from Chamber 1

5.4.1 Bacteria ESchamber 1

These initial bacteria experiments focused on the use of a previously developed electrode

configuration(Hollandet al, 2018) with planar gold electrodes. This provides a reference

for comparison to later experiments performed on bespoke electrode chambers developed

as part of the current study. Impedance measurements were performed on nutrient broth

alone. InFigure5.6 (a), it can be seen that normalised impedance (Z) of nutrient broth did

not change significantly over the 24 hquwith p> 0.05. There appears to be a slight peak

at 10Hz after 24 hours in the normalised impedance data.

149



O
. N—r
N
J

Lt Yo § 1.0 o
“Z100000 e, = W‘WM
~ "‘-‘;,; N 0.8+
< . 3
~ wE c
S % B o6
& 10000 4 o 8
B RN E
g‘ v::/- 8 0.4+
£ %, N
Ta ©
1000 - “Bas €024
“Ba S
"M =
TeEeeeee 0.0
T T T T 1 T T T T 1
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)

® Ohr o 3hr o 6hr 24hr

Figure 5.6 a) Temporal mpedance profile dlutrient kroth at G, 3-, 6- and 24hours
incubation hourson gold electrodes) The normalised impedance of nutrient broth to
time 0. Data represent the mean of data collected from three chambers, with each chamber
having four replicate electrodéa=3 chambers, 12 electrode<rror bars removed for

normalised impedance for clarity of graph.

Impedance measurements were taksmg a Gram positive, S. aureus and Gram
negative, P. aeruginosa bacterial species to compare. The impedance appeared to
decrease over the 2%ur bacteria growth for bo®. aureusindP. aeruginosas seen in
Figure5.7 (a) and (b). The impedance spectra had a linear decrease in impedance from 1
to 1000Hz that then plateaus across the higher frequencies 10,000 to 100,000Hz. The
greatest change in impedance for the bacterial growth can be seen at the lower frequencies
specifically within the 1 to 10(Hz range.S. aureushas an overall higher starting

impedance of 200,00@that drops to 20,000 after bacteria growth (1Hz.. aeruginosa

starts at a lower impedance of 60,00and drops to 20,000 (1Hz). P. aeruginosalso
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appears to have slightly more standard error at thhoR#4 period Figure 5.7 (b)),
indicated by the larger error bars. The normalised impedance (Z) was also [Hligfted (

5.7 (c) and (d)), with comparisons between broth with no bacteria incubated over 24 hours
as a negative control . aureusindP. aeruginosaThe normalised data for both bacteria
havesteady normalised impedanséh little change in the first 6 hours, while the 24 hour
starts lower for the first 10Blz, then has a linearly increasing slope up to the original
impedance by 100,008z. S. aureusiormalisedmpedance changes from 0.8 to almost 0

in the first 100Hz, while P. aeruginosampedance decreases from 0.8 to 0.3 in the first
100Hz, with peaks occurring at 18z and 100Hz for both bacteria types indicated by

the dark blue vertical line$-{gure5.7 (c) and (d))Both theS. aureusaindP. aeruginosa
experienced a slight overall increase in impedance when the broth was replaced at 24
hours, and the new bacteria free broth was measTinechutrient broth is seendecrease

initially from 1 to 0.9 befeeincreasng slightly to 1.1 over the 24 hours at aroundHz)
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Figure 5.7 Temporal mpedance profiles ad) S. aureuéS) and b) P. aeruginoséP)
compared to nutrient broth (B)n gold electrodesvith ES measurements taken with
sterile nutrient broth then at 2@tarting population witEESmeasurements taken at 0, 1
, 3, 6, and 24hour incubation and one last measurement taken afetching the
nutrient broth at 24 hours with fresh brotle) The normalised to broth impedan€&e

aureusand d) P. aeruginosacompared to nutrient broth measurements over 24 hours
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versus the time 0 time point. Lines indicate frequencies of interest based omtvdard
procedure that are further analysed in Figures $Ward et al, 2018) Error bars

removed from (c) and (d) to ensure clarity

The normalised phase measurements in Figure 5.8 (c) and (d) displays the opposite trend
to the normalised impedance, with the higher frequencies 100 tkHOGisplaying the
greatest decreases in phase. The fHisb@r time measurements had a stable phase until
1000Hz then decreased linearly till 100,082. The 24hour time measurement had a
linear decrease in phase across the whole impedance spectra. The normalised phase angle
had horizontal lines for the first 6 hours, then at 24 hours had a lireamgasing phase

from 1 to 1000 Hz before plateauing. Both the phase and impedance decrease down to
approximately 0.2 for the normalised values of the bacteria growth, the difference being
the frequency at which the phasgglepeaks. The phase angle had peakdt dnd 1000

Hz indicated by the dark blue vertical lines (Figures 5.8 (¢) and (d)). The broth
measurements stay around 1, indicating little to no change in the phase angle, with no

peaks occurring.
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measurements over 24 hours versus the time 0 time point. Lines indicate frequencies of
interest based on Waet al procedure that are further analysed in Figures 8\Nfardet

al., 2018) P indicated?. aeruginosas indicate$s. aureusand B indicates nutrient broth.

The chosen frequencies indicated by the lines from Figures 5.7 and 5.8 were plotted in
Figure 59 with ANOVA analysis performed between time 0 and subsequent time points.
The frequencies were chosen basadhe Wardet al procedure in finding peaks in the
frequency sweefWard et al, 2014) with impedance frequencies chosen aHk0and
100Hz and phase angle frequencies chosenHat 4nd 100Hz. All frequencies show a
decrease in the normalised value for tlaureusindP. aeruginosavhen compared to
broth. S. aureusmpedance at 181z and 100Hz decreased from 0.9 to 0.1, whie
aeruginosadecreased from 0.9 to 0.3. Or8y aureushad a significant difference (*) in
impedance after 24 houper one way ANOVA analysis, bt aeruginosalid have a
noticeable difference just not sdtcally significant The phase angle atHz and 1000

Hz (Figure 59 (c) and (d)) showed a significant difference at then@dr time point for

both bacteria (*). At 1Hz the phase 6t aureusdropped from 0.6 to 0.2, whilE.
aeruginosadropped from 0.9 to 0.2. At 1008z both bacteria phases dropped from 1 to
0.2. The broth remainedlose to1l for all chosen frequencies with no significant

differences at any time points.
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Figure 5.9 Impedance of nutrient broth vers8saureusindP. aeruginosanormalised to

nutrient broth measurements a} 10 Hz b) and 100Hz. Phase normalised to nutrient

broth for both bacteria at) 1 Hz andd) 1000Hz on gold electrodegh=3 chambers, 12

electrodes)Significance was determined by ANOVA analysis, with Bonferroni post hoc

between time 0 and subsequent time points (Showistaph,* Pseudomonas)

The supernatant was investigated to determine if aRyrdgucts of the bacteria would

influence the impedance measurements. Figui@ibdicates the supernatants have little

influence on the overall impedance, with only a small decrease in impedance over the

middle frequencies from 10 Hz to XMz, with peaks occurring at 20z and 100Hz
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plotted in Figure 5.0 (b). The impedance did not drop below a 0.7 for any normalised
value unlike the bacteria growth seen in Figure 5.7 that dropped to arounthi3.2.
influence was mitigated through a separate measurement being taken after 24 hours
growth with a replacement to sterile nutrient broth without bacteria.
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Figure 5.10 a) Normalised impedance specwéNutrient Broth over 24 hours, compared

to supernatants o%. aureusand P. aeruginosammediately after culture. Error bars
removed for clarity, full graph in appendix) Normalised impedance aD2Hz and 100

Hz of Nutrient broth after 24 hours, compared®taureusindP. aeruginosammediately

after culture. Significance was determined by ANOVA analysis, Wiikey post hoc
performed (P>0.05)There were no significant differences found within this datta
represent the mean of data collected from three chambers, with each chamber having four

replicate electrodeén=3 chambers, 12 et#rodes.

5.4.2 Biofilm Evaluation on devicedesign 1
There were two different methods explored to determine biofilm formation on the
electrodes: crystal violet staining and direct enumeration. Crystal violet staining was used
as a quick visual indicator to determine if there was biofilm formation within the
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chambers. Results from the crystal violet staining show a marked colouring of the bacteria

in the incubation well (Figure 51} indicative of the presence of bacteria.

Figure 5.11 érystal violetstained electrodeafter 24hour incubation period of (top row)

S. aureusand (bottom row). aeruginosa(n=3)

In order toprovide a quantitative measure of bacterial growth, direct enumeration was
employed. This involved physically swabbing the electrodes to collect the biofilm at the
end of the experiment (as detailediection5.3.4.3 Evaluation of Biofill A suspension

of 10° CFU/mI of bacteria was introduced in the chambers and oveiha@4incubation
period bacterial cells attached and replicated to form biofilms. It can be seSnadhatus
formed a 1.25 x 1Miofilm while P. aeruginosdormed a 2.% 10’ biofilm (Figure 5.2),

with both measurements made after ahadr incubation period. These counts are not
significantly different from each other, but it indicates that there was bacteria growth on

the electrodes.
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Figure 5.12 S. aureusand P. aeruginosaiofilm formation on the electrodes after-B4
incubation at 37°C. Bacterial suspensions of @BU/ml were used to inoculate the well

at time0 (n = 3+ SEM) with one way ANOVA with Tukey post hoc performed (P>0.05)

5.5 Discussion

Each section will address tlighapter5 ai ms and how it | eads

purpose.

5.5.1 Electrical impedance spectroscopy on electrode design 1
Bacteria experiments were performed on ideal gold electrodes to determine factors that
influenced impedance changes and to determine best analysis method for determining
bacterial growth. The initial experiment was a negative control performed with broth
without bacteria. Figure 5.6 shows that the broth did not change over the 24 hours
incubation period, indicating the broth has little influence over impedance and phase

changes and can be used as the normalisation measurement.
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Two bacteria were tested in this syst@naureusas aGrampositiveandP. aeruginosa

as aGramnegative Both bacterial species have been associated with medical implant
associated infection@rciola et al, 2018) The impedance decreased significantly for
each bacteria, specifically in the lower frequency range 1 toHEO®hich aligns with
ParedegParedest al, 2014) This decrease is most likely attributéee change in the
double layer capacitan¢€ady et al., 1978)Cadyet alalso proposed that the metabolic
processes of the bacteria may change the conductance of the medium and influence the
impedanceParede®t alinvestigated temporal changes in impedancefapidermidis
growth in many planar and vertical electrode orientations using gold and found that 10
and 100 Hz saw the most change for every electrode orientation, that also allowed for
more sensitive measurements without too much noise. \Wharal also found the
normalised resistance in the lower frequencies 1 to Ha0how a decrease in resistance
and normalised phase in higher frequencies from 1000 to 10,000 Hz had a decrease in
phase after growin§. aureu®n Polyethylene Terephthalate substrate cured with sarbo
ink electrode@Nard et al, 2014) In the present study, there was a slight decrease in
impedance in the first 6 houisdicating attachment of some of the planktonic bacteria
from the suspending media onto the electrodes over this g€imade 5.7), then there is

a significant drop in impedance as more bacteria attach and multiply ending in a final
biofilm of 1.25 x 16 CFU/chamber foiS. aureusand 2.7 x 10CFU/chamber forP.
aeruginosashown in Figure 5.13The larger decrease could be the increased presence of
metabolites from morieacteria and the larger interaction between the bacteria and surface,
effecting the double layer capacitance mdfang et al discussed how the doubl@yer

capacitance was influenced by the changes at the electrode interface and the absorption at
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the surface of the electrode which corresponded to a larger decrease in imp€dance.
10Hz and 100Hz were indicated as frequencies of interest as there was slight peaks for the
broth at 10Hz and the bacteria at 188, dark blue lines on Figure 5.7(c) and (d). The
peaks from this study were slightly different from Watdals study onP. aeruginosa

andS. aureu®n carbon electrodes, as they found peaks aH¥24& 24hours and 4061z

at later time points. The use of one chosen frequency for analysis was used in multiple
studies and in the xCelligence commercial system. The problem wibelaeting a
frequency for analysis means missing potentially relevant changes hence whyea whol
frequency sweep was necessary in the beginning to determine the relevant frequency to

be analysedqWardet al, 2018, Paredest al., 2014a)

The normalised phase angle also showed a decrease in measurements but focused more
on the higher frequency range 1000 to 100/820These results show that normalisation

of an ES parameter can give insights into biofilm formation, especially on an ideal
electrode surface. TheHz and 100(Hz were highlighted in the phase because of the

peaksn Figure 5.8 (c) and (d).

The chosen normalised frequencies had statistical analysis performed. The peaks were
chosen just as Wamt al chose their frequencies, finding a peak in the (Mardet al,

2018) Both S. aureusand P. aeruginosahad statistically significant differences in
normalised parameters from time O to time 24 hours (* in Fig@e Bhe normalised
impedance and phase did not decrease at a lineafl hegecould be due to the nature of

biofilm formation being exponentigbalman, 2020)
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As the biofilm matures, the doubl@yer capacitancexhibits less changeser timeeven

with the continued growth of the biofilm and increased bacteria count.allbdes o0
something other than bacterial cell body may affect impedance during monitoring like
physical appendages (flagella, fimbriae) or molecular components outside the cell body
including the formation of the EP& metabolites and proteirfkim et al., 2011c)To

rule out potential influence of bacteria -pyoducts, impedance measurements were
performed on the supernatant of both bacteria species. There was a slight decrease in the
middle frequency range from 10 to 10,d88 for both bacteria supernatants compared to
broth (Figure 5.11). This may be caused by additional proteins, lipids, polysaccharides,

and eDNA(Moormeier and Bayles, 2017, Téii al,, 2020)

5.5.2 Biofilm Evaluation method
A variety of different biofilm recovery methods were explored in the literatbeet{on
2.4), with two taken forwards for evaluation in the present study. The first of these
methods was crystal violstaining as this is common practice for biofilm characterisation
as reported by Dokt al andExtreminaet al (Doll et al, 2016, Extreminat al, 2011)
The crystal violet results obtained in the present study did demonstrate an obvious
pigmentation on the chamber that is consistent with bacterial growth. However, this
provided only a quick visual indication of biofilm formation. Crystal violet could/onl
give an approximation of biofilm formation and ideally direct counts of bacteria would be
performed to determine ES measurements are sensitive enough to distinguish between

fluctuations of bacterial growth. Crystal violet is also deal as this stly looked at
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drug concentrations released from polymers and specific counts for kill would need to be

determined as well as drug measurements which may be altered by the crystal violet.

Given the limitations of the crystal violet assay, the direct enumeration with a swab was

the second method evaluated. While counts were found for both bacteria types, the error
bars were relatively large withl x 10 standard error (Figure 5.13), indicating variability

in the technique. Moreover, the collection method had a potential error as the swab used
was | arger than the electrode area | eadin
electrodeqbut accidental collection of bacteria on the sunding dish surface)This

could cause a higher bacterial count than potentially was measured on the electrodes using
ES. A more accurate method would be needed for later experiments by either having a

smaller swab ousing removablelectrodes to allow for a sonication method.

5.6 Limitations

There were a few limitations to this methodology that hergen within thediscussion

section. Here we will explore more in depth the limitations of the study.

This initial device design reported by Hollaatlal used planar gold electrodes sputter
coated onto the bottom of the petri dish. This orientation greatly minimises the types of
materials that can be used, with little opportunity for use of materials most commonly
used within medicamplantablessuch as stainless steel. The planar electrodes were also
very small, making application of polymdrug coatings onto the electrodes very
challenging, thereby making them unsuitable for addressing the ultinate & this

study. It was also observed that the gold electrodes could become damaged during ethanol

sterilization with the gold fully lifting from the chamber surfadgV light sterilisation
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was therefore employed. However, this in turn introduces a potential future limitation,
since UV is known to have potentially damaging effects of polymer coatings like epoxy
(Bell et al,, 2021)similar to those that are proposed for use in later aspects of this work.
Similarly, the proposed use &fifampicin a light sensitive antibiotiAngiolini et al,

2019) was also likely to introduce potential challenges with UV sterilisation.

The results of the biofilm counting method led to the conclusion that crystal violet and
swabbing of the current test setp had limitations so another form of
detectiorquantificationwould be necessary. This design did not allow for removable

electrodes, limiting the different methods that could be used for biofilm recovery.

A new system would need to be developed to grow bacteria and address all the issues
surrounding the first electrode design. The work carried out in this pursuit forms the basis

of the next section within this results chapter.

5.7 SystemDevelopment

5.7.1 Needs Analysis
The limitations of the wire system from results chagtand of the gold system in the
previous section within this chapter were critically analysed against a set of performance
criteria. Briefly, a needs analysis was performed based on functional asidnaotional
requirements analysis set bjhe International Council on Systems Engineering
(INCOSE, 2022¥or the overall goal of the new design based on the airBgation1.8
and discussion with key stakeholders. A list of design criteria, along with their purpose

was determined either an essential or desirable criteria for the final design.
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The needs analysis in Table 5.1 determirssen essential andeight desirable
characteristics for the new design. This study narrowed the scope to only testing bacteria,
thereforemammaliancell growth would be an additional benefit but not completely
necessary for the planned experimeiite essentidunctionalneeds werbased off the

goal to measure effectiveness of antimicrobial coating usBgrherefore, the system
needed tallow bacterid growth andbe compatible with th&@almsens, along with lal
essential criteria to perforfBS measurementd he desirable criteria were features that
would make measurements easier or be added benefits but were not required to obtain the
goal. This included things like agectrode design, which is used in many commercially
available systemandwould allow for voltammetrymeasurements on the Rifampicin
concentrationallow flow for more accurat@ vivo conditions, and allow cell growth for

more complex studies later on.
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Table 5.1Needs analysifor new electrode design. Design criteria listed along with the

purpose of the criteria within the design, then determination if it is deemedsantial

functional requirementr desirablenonfunctional requirement

Design Criteria Purpose Essential or
Desirable
Grow bacteria Design needs to be able to grow Essential
analysis
Palmsens Multiplexer | Run nultiple measurements at on :
) Essential
compatible
Common medical devic| To determine ifES can monitor
metals as working common medical device met Essential
electrode surfaces
Surface of electrode can [ Determine if ES can monitor
modified modifications to medical devic Essential
surfaces
Need Counter and workin| Allows current flow and able t .
] Essential
electrode measure impedances
Counter electrode 3X siZ Ensure no current limitations arisq )
. Essential
of working electrode
Counter e | e| Ensurecounter electrode does n
affect bacteria influence bacteria growth so c: :
Essential
accurately measure change
working electrode
Removable working Allow easy quantification of biofilm
electrode formation

3 Electrodg design

More accurate measurements

Grow mammaliarcells

Design ableto grow cells for more
versatile measurements

Allow multiple runs at once
(6 or 8 well plate)

Easy replication

Allow 2D and 3D cell

For more complex representation

growth in vivo conditions
Allow flow Mimic in vivo conditions morg
accurately
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Minimize liquid in growth| Allow for easier determination @
chamber drug concentration
Reusable chamber Reduce cost and waste

An analysis of the different electrode-sgis used by others was performed to determine

how many essential and desirable characteristics could be achieved in each design type.

There are various advantages and disadvantages to the different electrode designs. The
non-contact design would not be suitable for the present study as the bacteria needs direct
contact with the electrode to determine the antimicrobial coatings effezsiweinerefore

the design process focused on the planar and vertical designs.

The vertical and planar desigosuld allow for eaclessential design criterta bemet as

seen in Table 5.But the planar design would not be idddie planar design is a common
well-known design that has been used in many bacteria and cell expe(itodatsl,

2017, Gutierrezt al, 2016, Wardet al, 2018) A planar approach would need the
working electrode to somehow be embedded or secured onto the culture dish, which may
make removal for bactetiaounting more difficult. The swabbing method would need to

be employed, which as stated previoushyroduces a little morgariability in bacterial

counts.

As discussed inSection5.1.1.2 Paredeset al performed a study on the different
orientations of working electrode and found that the planar testing electrode with flow had
the most sensitivity for detection on a fully matured biofilm while the vertical electrode
in a petri dish had the least sensiti due to larger testing aréRaredest al, 2014a)

Vertical electrodes have many advantages including easier use of different electrode
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materials, easy antibacterial coatings, and removable electrodes for bacterial counting.

Therefore, the vertical orientation was taken forward as it allowed for more desirable

criteria to be met then the planar orientation.

Table 5.2Table of different types &Selectrode designs currently used based on

literature search and the advantages and limitations of each based on needs analysis

Type of Advantages Limitations Schematicof Design
Electrode
Setup
VSi mpl «nwex Har ¢ etmo| . ol st
d e s | g n WOor k | n g Reference electrode
VAI |l ows c¢c¢g el ectoo N Working electrode
bacteria bacteri ‘
Planar [VPal msens (x Large p (a-8) Cross section of
1 compatibll formati e
VCan allow influen ooy Y900 Gl oy barrier
Paper substrate -
measur e -
Glass substrate
Electrodes
VUse di ffegx Does no j
Connectorsﬁdwﬂ"
el ectrode 2D cudlulr -y O
. . ey
VAI | ows c¢gx Di fufli ¢ o Biosenmmﬁm 45
Crews
Vertical and bacte include Chip Holder <“—— e,
) VPal msens dependi e el
compati bll desi gn : At
VRemovabl €
wor king €
VCan all ow
el ectrode
VEasily ugx Notel3ect
el ectrode system
Non-
VAI | ows cegx No-nemoyv
Contact .
3 bacteri a el ectro
VEasily mgx Cel |l s a
el ectrodg bacter.i
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VPal msens make co
compati bl wiwbr ki
VCan all ow electro

References: ILei et al, 2018)2. (Paredest al, 2014a)3. (Turick et al, 2020)

The design criteria and electrode designs were used to create new device designs for the

new electrode system.

5.7.2 Devicedesigns
Two designs were constructed, one with a planar orientation and one with a vertical
orientation. Each design focused on use withirxgeb plate to allow multiple tests to be
run simultaneously as well as minimize culture area for accurate drug cornoasttat

be measured.

The planar device design in Figure 3ttad a working electrode at the bottom of the well.

To optimize the area of the working electrode, the counter electrode and reference
electrode would be on a well insert that would be suspended above the working electrode.
A 3-electrode design was propdstr more accurate measurements. The addition of a
third reference electrode allows for potential changes of the working electrode to be
measured independent of changes that may occur at the counter el@tnoag, 2022)

The bottom of the well, as seen in Figure3yd) at the impedance analyser connection,
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would need a side blocked off for a connection to be made to the working electrode since

liquid cannot be at that interface.

a) Planar . Cell culture
area P deteietate —

CE Area: 397 mrh
WE Area: 132 mrh |
RE Area: 84 mrh /-

CeE O @&
Top
c)
Side
AN
Top
Impedance \
Analyzer
Cell culture

area
Figure 5.13 Planar device design with) planar view of working electrode on bottom of

well b) Top view of well insert that had counter and reference electrod€ross

sectionalview ofwell with insert Red lines represent wires attached to electrodes.

The vertical device design in Figure 8.4lso utilized a well insert for easy removal of
electrodes and have more consistency between chambers. The device-¢ladte@e
design with half the well insert coated in gold for the counter electrodenaeivorking
electrodes to allow replicates within each well. The working electrodes were also easily
removable and replaceable within the insert, allowing for reuse of the device components.

The working electrodes were smaller in the vertical design vehsuplanar design,
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allowing for the counter electrode to be more thtmeetimes larger than the working
electrodes. The vertical electrode could also later incorporate flow usingei iow
chamber without worrying about potential liquid spillage onto the connection area, as with
the planar design. All these aspects weresitimred when choosing the final design as

described in the section below.

a)T_OE CE b)‘ CroSection Impedance
' ) / Analyzer
: (PalmSens4)
|
|_ : 27.5 mm =~
: CE Area: 2 Top

WE Area:?2 3

| S

Culture area

N
e

2mm

Figure 5.14 a) Top view ofvertical devicedesign with counter electrode and 3 working
electrodes with measuremeimsCrosssectionalview of new electrode desigih dotted
line with depth measurement atutal area of electrodes giveRed lines represent wires

attached to electrodes.

5.7.3 Designselection
There were multiple considerations in choosing the device design to take forward for
testing including how many design criteria were met, materials needed, and assembly

process.

The planar design was critically evaluated, and it was found that it would need a more

complicated process for assembly, with the working electrode needing to be sectioned off
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for connection to a wire and would need to be sealed to the bottom to ensure no leaks
which would lead to a harder removal for biofilm recovery. The silver/silver chloride
reference electrode would create more cost as it is a specialized electrodalSiles

the potential to harm bacterigrowth when used within the culture area, while gold as
used in the vertical design is inert and has minimal influence on baMéaisster, 2009)
Farrowet alused disposable silvailver chloride sensors from Ohmedics Ltd. that they
found inhibited bacterial growth below critical cell densi{jfearrowet al, 2012) It has

also been discussed that having planar electrodes leads to large pellicle formation at the
air-surface interface that would need to be considered when maEmgeasurements

(Wardet al, 2018)

The vertical design was chosen over the planar design to take forward in this study as it
would be cheaper and quicker to construct. The system utilizetegt2ode system which
would be relatively cheap and simple to fabricate, with ready accessutex spater for

the gold counter electrode. The use of a metal foil as the working electrode increased the
surface area, easier for dip coating and badtatiachment when in a vertical position.

The vertical design also had multiple working electrodékin one well allowing for

easier replicates to be measured. The vertical electrodes allowed for easily removable
working electrodes for biofilm quantification and for surface modification, both essential

for the listed aims.
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5.8 DeviceDesign 2 Methods

5.8.1 Electrode Fabrication
Gold was sputter coated at A at 0.03mb Argon for a thickness @2 nm onto custom
laser cut acrylic (circle with diameter 27mdm andthreeslots of 7.5 mm length) to
produce the counter electrode area of 24t (dimensions on Figuré.7). Silver
chloride paste was applied to the gold and connected to the other side of the acrylic where
the wire would attach.fe acrylic was then sealed onto-aéll well insert using PDMS,
with gold facing into the wture area. The stainless steel or titanium ¥l cut into
rectangles 7.5nm by 10mm to create the working electrodes. Three of the working
electrodes were sealed into the laser cut slots in the acrylic using PDMS, nwithdl
metal protruding into theutture area for a total working area3ffmn¥ for each working
electrode This makes the counter electrode agesater tharthreetimes larger than the
working electrode area. A copper wire was then attathétesilver chloride pastéor a
connection to the counter electraakile alligator clips with wires were secured onto the
working electrodeghat were protruding into the well inseffhe working part of
electrodes were cleaned with Isopropanol to ensure all PDMS residue remesagh

graphic can be seen in Figure4.Wvith final design pictures shown in Figure &.1

The well inserts with working electrodes were sterilized before coating by exposing to
UV light for 15 minutes. Immediately prior to application of any coating, the metal

working electrodes were cleaned with ethanol solution.
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5.8.2 Design Evaluation
Designs were tested for leaks to ensure the media stayed withinltilve @rea and did
not contact the wires. They also underwent an initial impedare@suremerin PBS to
ensure all wires were connected properly atidbledata calld be collectedimpedance
data collected using this new chamber design were compared to similar datasets collected

from chamber design 1, to ensure data was comparable and impedance profiles similar.

5.9 Reallts

The new in vitro test system needed to be evaluated on practical design elements to ensure
it worked within the context of the proposed application. The images shown in Fighire 5.1
show the final chamber construction, which was confirmed to be free from leaks during

the initial testing phase.

Figure 5.5 shows that the construction was carried out and the design from Figdre 5.1
was achieved with no major alterations needed. Fivelbplate shows no leakage into

the connection area where the alligator clips were secured for wire connection. These
electrodes were then tested in PBS to ensure impedance data could be reliatigdcolle

The results for this testing are set out in Figure 5.18 below.
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Figure 5.15 Pibtures of device design ‘ from) top b) side view, anat) the chambers

within a 6well plate.

The impedance for theix test chambers showed some fluctuation in magnitude from
chamber to chamber seen in Figure65&f) (Z). The electrodeo-electrode variation

within a chamber was very minimal as seen by the small error bars. The phase had less
chamber variations, and even smaller electrode to electrode variation as seen in Figure

5.17.
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The chamber variations were taken at the frequencies of interest chd&ection5.4.
Impedance had slightly larger deviations witt608m at 10Hz and+199m at 100Hz,
while phase had minimal standadorwith +2gat 1Hz and+5gat 1000Hz (Table 5.3).
Indicating that phase may have less variability in analysis but both impedance and phase

can provide useful insights.

Table 53 Table ofrelevant frequencies of parameters chosen from Figures 5.7 and 5.8

error and the mean and deviation calculated from the 6 test chambers used for Figures

5.18 and 5.19.
Parameter Frequency (Hz) Mean Standard Error
Impedance 10 3824m 1508m
Impedance 100 542m 199m
PhaseAngle 1 80s 26
Phase Angle 1000 32 56

5.10 Discussion

The second section of this results chapter built off initial work on Device 1. It was shown
that Device 1 would not allow for all aims of this study to be met, including use of medical
device metals or antibacterial coatings in the design (Section 5.6)efohe, design
criteria were created and critically evaluated to develop a new advanced test system

(Section 5.7.1).

As discussed irSection5.7.3, a vertical design was taken forward in this study. The
possible faults of Device 2 were tested to ensure the system achieved its intended goals.

Sufficient sealing of well insert and working electrodes were tested to prevent media from
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culture area from touching live wires which could cause electrical short. The connection
that used the silver chloride paste from counter electrode to opposite side of well insert
was tested to ensure impedance measurements could be taken. The smalbbsilvant

paste was considered negligible in testing as it would have a very small amount in the
testing chamber and would be on the counter electrode which would not affect bacterial

growth on working electrodes.

Device 2 was tested for electrotieelectrode and chamb&y-chamber variations to
determine how variable measurements would be without any complicated factors like
coatings and bacteria. Figures 5.18 and 5.19 showed small eleictreldetrode variation

very similar to results from Device $€ction5.5), where error bars were relatively small.

The magnitude and shape of the impedance profiles for Device 1 and 2 were similar with
the lower frequency range starting at about 30/0@0 1Hz, with the Dewte 1 ending at
around 1000w at the 100,008z and Device 2 ending around 1@G&t 100,00(Hz. The

phase also had similar shapes and magnitudes starting betwé6éhfdODevice 1 and

80° for Device 2, both ending around. 5chmiedinger found that gold, aluminium, and
titanium could assess functionality of epithelial tissue but found that titanium electrodes
had an elevated resistance which shifted the impedance readings due to its lower electrical
conductivity (Schmiedingeet al, 2020) The larger range of impedances found in this
study could be due to the conductivity differences between stainless steel and gold. The
variation between chambers and possible material variations can be minimised through

the normalisation process describe@ection5.1.2.
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This new device design created in this project had several advantages over existing
impedance measurement systems. Nfogedancestudies on biofilm formation or rapid
antibiotic treatment focus on ideal electrode materials like gold, platinum, or carbon
(Wardet al, 2018, Paredest al, 2014b, Swamet al, 2022) This does not represent a

true environment in which antibiotic coatings would be used if on medical devices
implanted in the body. There are impedance systems that use medical device metals but
usually within degradation studi¢Battahalhosseiniet al, 2011, Kocijanet al, 2004,

Diazet al, 2018) Fattahalhosseinet alused EIS to look at the electrochemical behaviour

of anodic passive films on AISI 304 stainless steel while Kocganal showed
potentiodynamic curves to show cobalt chrome alloys corrosion behaviour. They do not
test for bacteriagrowth or the antibacterial properties of the metals or coatings on metals.
Diaz et alinvestigated the change in impedance to titanium surfaces after expoSure to
mutansover 28 days but did not investigate if EIS could tell when bacteria grew on the
titanium. There are no current publications on a system that uses medical device metals as
electrodes. This presents a large gap in knowledge of if impedance can be used directly
on medical device metals with coatings to determine their effectivenesstagéction.

This setup will be used for this purpose and determinE$can be used within this

context in the next results chapter.

5.11 Limitations

This design had some limitations, specifically in the desirable design criteria described in

Sectionb.7.
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The chosen design would only be-al2ctrode design. A-8lectrode design would have
been more accurate in measurements, but fabrication would be more complicated as well

as potentially toxic to bacteria if using the silver reference most commonly used.

The design did not allow for 2Bhammaliancell growth as the electrodes were vertical.
Since cells adhere in monolayers and only contact celigiatborder th@xygen, nutrient

or waste gradients are absent, and the environment is not uffdoni et al, 2015)

Trying to grow cells vertically can lead to hypoxia and eventually cell death if they do not
have a support structure or strong adherent forces that keep them attached to the surface
(McGuireet al, 2018) Bacteria do not face the same problem as they can form on either
horizonal or vertical surfaces without any outside influence due to their mobility and

aerobic/anaerobic charact{@haet al, 2022, Chanegt al, 2015)

This design employed medical device metals as the working electrode which meant
electrode cleaning or plasma treating could not be employed to ensure fully cleaned and
uniform electrodes so that it would not alter them significantly from medical device
metals. The last limitation of this design was working electrodes could only be used once,
as they were coated with antibacterial coatings then removed and sonicated after biofilm
growth and evaluation. This meant a higher usage of material, but necesagystape

of this project.

5.12 Future Work
The current design focused on a static system, which does not accuratelyndeipict

conditions that a medical device would be subject to. Further work could be done with a
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flow system easily incorporated with an Alvetex Perfusion Plate by Reprocell or Fisher

scientific.

More design criteria could also be considered and potentially added to the current design
to allow for 3electrode design or compare the impedance profiles generated by the current

system to actual medical devices.

5.13 Summary

It can be stated from this study that impedance spectroscopy can determine bacterial
growth of botha Grampositive(S. aureusand Gramnegative(P. aeruginosgabacteria

on gold electrodes. The impedance profiles of both bacteria showed significant changes
in phase angle at Bz and 100(Hz after 24 hours incubatioR. aeruginosashowed a
significant change in impedance at B2 and 100Hz. The device used in the initial
experiments had several litraiions that made it unsuitable for future experimenthis

study, specifically related to electrode material and biofilm recovery.

A needs analysis was performed based on the study aims andémamdssential criteria
andeight desirable criteria that formed the basis on which new electrode designs were
developed. A vertical electrode device design was taken forward as it had several

advantages for this particular study including removable electrodes and easy fabrication.

This device design was evaluated and found that electrode variability and device
variability was minimal. This suggests it was a suitable candidate for future testing of

biofilm growth and antibacterial coating evaluation.
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6 Chapter 6 mpedance based characterisation of drug release
and biofilm formation usinga novelin vitro platform

6.1 Chapter Aims and objectives

Chapter4 investigated the use of ES to monitor polyrdeng coatingdegradation on
common medical implant metals. It was shown that 50:50 and 60:40 formulations
displayed distincimpedanceharacteristicthatwere potentially associated wipolymer
degradation and drug reledsieetics. Chapter Scritically analysedexistingimpedance
systemswhich helped inform the design addvelopment of aoveltesting device that
allowedin vitro biofilm formation and polymedrug coating analysis simultaneously.
This chapter will utilize the newly designed system fiGhapter5 to investigate biofilm
formation using medical device metals, and to characterize the petiogercoating
effectiveness fronChapter4 over clinically relevant time periodi.is hypothesized that
inhibition of biofilm on antimicrobiareleasing medical implant surface could be

successfully monitored nanvasively using impedance spectroscopy.

The specific objectives for the experiments used to address thisammimgeneral

hypothesisare detailed below.

1 Investigate the impedance profiles of polyrdeng coatings withinthe new
system
71 Investigate the feasibility of using common medical device metdtsn the

above systerno detect biofilm formation
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1 Determinethe most appropriatanalysis methodthatcan be applied to biofilm
formation with medical device metals

1 Investigate the feasibility of using impedance spectroscopy teinvasively
characterize biofilm formation on polymdrug coatings over clinically relevant

time periods.

6.2 Methods

6.2.1 Characterisation of impedance properties of polymeidrug coatings on
medical implant-like surfaces

Testing chambers were constructed as describefention 5.8.1. Separate @ating
solutions ofPLGA, Rifampicin and three PLGARifampicinformulations {5:25 60:40,
and 5050) wereprepared at a consistent concentration of (10%9). The test electrode
substrate materials coated were SS and Ti, consistent with those explored in clapter 4.
> fof the selecteatoatingsolutions were pipetted dio each side of theestelectrode
covering the entire surfaand left to dry for 15 secondwith this proces repeated a
further two time in order to deposit a total3ff> bn each electroddor a total of 90> {

in each chamber for measurement of drug release

The test chambers were sterilised through spraying of Isopropyl aEohiolutesbefore
use.The final test chambergere then incubatedith 6ml of PBSwithin a 6-well plate
maintainedstaticat 37C. Impedance measurements weeeformedovera6-month time
period with Iml samplesemoved periodicallyor drug release measuremeats/arious

time points The PBS wadully replaced with fresh PBS at each of these time pdiots
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ensure a consistent volume was maintained throughout and to approximate infinite sink

conditions for drug release characterisation.

UV spectrophotometryvas used to estimate tlidfampicin release at each time point
using the method previously describadsection3.4.3.2. In previous studiesonducted
within the laboratoryit has been shown that SS and PL@#not interfere with th&JV

absorbance and so for clarity, these datasets are not presented.

6.2.2 Characterisation of impedance properties of biofilm formation on

medical implant-like surfaces

6.2.2.1 ESof biofilms
The tacteria used for this experiment were Staphylococcus aureus NCTC 4135 and
Pseudomonas aeruginosa NCTC 90BActeriawere cultured as described iBection

5.3.4.1

Initial ES experimentswere performed irsterile nutrient broth over 24 hours the
absence or presence offferent concentrations of bacterianging from 16to 10

CFU/ml.

Each testing chaber was filled with Ml of sterile nutrient broth without bacteaadan

initial impedance measurement tak@me zero) The broth wasthenremoved and
replaced witrdml of nutrientbroth containing théacteria This was then incubated for

24 hours at 3TC, with impedance measurements taken at 0, 3, 6, and 24 hours. At 24
hours, the nutrient broth was removed and serially diluted in PBS, then plated and,counted

as described irsection5.3.4.2.2 This enabled the quantification of the broth and its
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influence on the impedance measuremertis. electrodes were washed with sterile PBS
and new sterile nutrient broth was added to the chamber. After 15 mextrizgrcubation

in 37°C, onefinal impedance measurement was taken.

This procedure was repeated on 5 typeslettrodesampleqtest electrodesBare SS,

Bare Ti, 10% PLGA, 109%Rifampicin, and 50:50 PLGARIifampicin coated SSThe

50:50 formulation was selected due to its impedance having significant decreases over the
selected time periods and its larger drug reledsewset ofsamplesvere incubated in

PBS for eachincubation period24 hours, 1 week, 3 weeks, and 2 months. EBe

measurementsith bacteriavere repeated on all sample types for each time point.

6.2.2.2 Direct Enumeration from sonication

After ES detection, the electrodes were removed and plac@dirof release medium.
This was to release the biofilm from the electrodbjch can be serially diluted and
enumerated to establish biofilm populatiohbBese werenanually shaken for 20 seconds,
then sonicated foBOO seconds, and a final manual shake of 20 secdihdsesamples
wereserially diluted to desired concentration add0>L were platecbnto nutrient agar
andbacteria count obtained after 24 hours incubatatteria counts for each electrode

were found using the below equation.
——— D WOODO MEARKY TTMA — A QQAIOOMDE £ |

6.2.3 Data Presentation and analysis
Unless stated otherwise, data in this chapter are presented as theaneatandard error

of themean from3 repeat experiment3 o investigate statistically significant differences
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in impedance observed for tipelymerdrug coatingsthe phase angland modulus of
impedance, Z, botat 10Hz and 1(kHz werecomparedising one way ANOVA analysis
f oll owed posthocTbetweerysarple typesddd nf e r r ehacimilSplep o s t

comparison testsetween different time points

Similarly, to identify any statistically significant differences biofilm formation the

different test electrodes, both the phase angle and Z were compmngdone way
ANOVA analysis foll owed Db-goc multiglee gordparisam r Bon
tests. Values of g 0.05 were considered statistically significant. All amay ANOVA

used these parameters unless stated otherwise.
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6.3 Results

6.3.1 Characterisation of impedance characteristics of polymedrug coatings
on medical implant materials

6.3.1.1 Impedance Analysis
ESexperimentsvere performed on the new chamlwith SS electrodes and the coatings
developedn chapter 4Measurements were recorded ca@eriod of 6 months incubation
in PBS.The results from this aspect of the study are summarised in FduiEhe data
was normalised to minimize chamber to chamber variations and allow direct comparison
between different coatings. Each coating had distinctly different impedance profiles,
which led to the selection of a chosen frequency that allowed a more aireparison
between sample3he SS impedance datecreased over the 6 months, especially in the
lower frequency band of 1 to 1008z. It also experienced a noticealslift in the
impedance at 1RHz, which could be due to noise influerdescribed fom Section2.1
The PLGA impedance data experienced a decrease in impedance over the 6 months, across
the entire frequency rangk.can be seen thanormalisedmpedancedata at~10 kHz
showedthe largest temporal differences the coated sampleseen in Figure 6.1 d), e),
and f) In contrast, lte phase angl@atadid notexhibit as markesgtariationsfor any of the

sample types.
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