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Overview

Melanins are an important class of biopolymers that are widespread in nature and have
diverse origins, chemical compositions and functions in nature. Their physicochemical
properties make them interesting for application in materials science for a range of
medical and technical applications. Phenolic monomers are common building blocks of
melanins (observed in allomelanin, eumelanin, neuromelanin, pheomelanin and
pyomelanin), and are known to play important roles in intermolecular/material
interactions which underpin their biological roles and potential technical/medical

applications.

Alkaptonuria is a rare metabolic disorder that results in the accumulation of
homogentisic acid (HGA) in the body which results in dark urine and/or blue/black
discoloration of bodily tissues due to the formation of pyomelanin (a complex polymer
mostly constituted of polymerised HGA). Alkaptonuria is relatively understudied and
the focus of this thesis was to investigate pyomelanin formation/deposition using a
variety of analytical techniques which may enhance our understanding of the deposition
of pyomelanin in vivo. The thesis includes data from microscopic, spectroscopic and
other techniques to offer insights into the physicochemical properties of pyomelanin
and variants thereof, observing interesting correlations between the functional groups
on the monomers constituting the polymers and their properties (e.g., pendant groups

acting as dopants for their electrical properties).

The introduction chapter of this thesis has been published as a review article, with
results obtained from this research contributing to two research papers in print and two

further research papers imminent for submission.



Acknowledgements

Praise be to Allah, first and foremost, for His great gifts. Praise be to Allah who helped

me and gave me the strength and power for completing this thesis.

I would like to acknowledge and express my sincere gratitude to my supervisor, Dr John
Hardy, for his support and continuous guidance throughout my doctoral research

journey.

My thanks also extend to Prof Adam Taylor, Dr. Jemma Kerns, Dr. Nathan Halcovitch,
Dr. Sara Baldock, Dr.Victor Chechik, Dr. Benjamin Robinson, Dr. Koen Vercruysse,
Dr. Alexander Robson, Dr. Jane Stockmann and Sam  Harley.
| am extremely grateful to my loving parents; to my father, who loved me
unconditionally, and my mother, who showered me with her blessings and prayers, and

gave me the strength to keep going.

My deepest and warmest thanks go to my husband, Fouzi. Without his love,
understanding, and encouragement at every single step of this long journey, | could not
have reached this point. Fouzi, thank you for believing in me; without you, this would
still be a dream. Last but by no means least, | would like to express my gratitude to my
children, Ahmed, Abdulrahman, Abdulmohsen, and Jumanah, for all their support,

patience, love, and sacrifices over the years it took to complete this thesis.

My special thanks are extended to my brothers and sisters for believing in me and

supporting all my endeavours in this major accomplishment.

| am also grateful to the government of Saudi Arabia and King Abdulaziz University

for providing me with financial support during my studies at Lancaster University.

My thanks go to my friends and colleagues for sharing the challenges and providing
support when needed. Additionally, | am grateful to everyone who directly or indirectly

provided me with help and support.






Contents

1

2

INEroductory CRAPTEN ......c..ooiiii e 1
1.1 INEFOAUCTION ...ttt 1
1.2 ANALYSIS OFf MEIANINS........ciiiiii e 8

1.2.1  High Performance Liquid Chromatography (HPLC)........c..ccecvviiieinnene e 12

1.2.2  Gel Permeation Chromatography (GPC)........ccccveiiiiiiieiie e 13

123 Mass SPECLrOMELIY (IMS) .....ociiiiiiieiiee ittt e 14

1.2.4  Nuclear Magnetic Resonance (NMR) SPECIIOSCOPY ....c.vrvevererrerieierierieeniesieesiesiee e 16

1.25  Electron Paramagnetic Resonance (EPR) SPeCtrOSCOPY ......ccooverveererieienenieinienieenieeane 17

1.2.6  Infrared SPECIroSCOPY (IR) ..ecviiieiie ettt st e e nreens 18

127  RAMAN SPECITOSCOPY ..uvveerrriiieriiitiiiieeitttasieeesireesieessseessseessbesssbaeessseessaessbseessaeesssesssseessnens 18

1.2.8  Ultraviolet-visible (UV-ViS) SPECIIOSCOPY ....ooververirrerieinierieiesienieiesie sttt 20

129  X-ray Photoelectron SpectroSCOPY (XPS) ....cccoiiciiirieiineieisenieesie et 20

1.2.10 Scattering and DIffraCtion...........cocoiiiiiiiiii e 21

1211 Thermal CharaCterization.............coovviiiiiiieinee s 23

1.2.12 Electrical CharaCterization............coccoviereiiie e 24

1.2.13 Visual and Microscopic CharaCterization ............ccccooevieeieiveese e 25

1.2.14 Scanning Electron MicrosCopy (SEM) .....cooeiiiiniiiiniiie e 28

1.2.15 Transmission Electron MicroSCopy (TEM) .....ccoeriiiiriineniineeeseese s 29

1.2.16 Scanning Probe MicrosSCopy (SPM).......couiiiiiiiiiiiiniesie e 30
13 Mechanism of polymerization to form HGA...........cccoiiiiiiiee e 31
14 (00] 0 10d 11 ] o] o ISP 33
15 AIM aNd ODJECTIVES.......eiiiieiiiece e 34

Experimental Technique Chapter ... 36
2.1 Instrumental techniques for pyomelanin analysis .........cccovviiinininenenenenns 36



2.1 1 UV-VIS SPECLIOSCOPY tuvvvrreerierieieiestestestesseeseessestessessessessessesssessessessessessessesssessessensessenses 36

2.1.2  Fourier-transform Infrared (FTIR) SPECLIOSCOPY ....evevvirirveirririeisiinieieeie e 37
2.1.3  Nuclear Magnetic Resonance (NMR) SPECLIOSCOPY .....cververerrermeirririeinienieieeiesieseeiesneeas 39
2.1.4  Solid State NMR (SSNIMR) ...ttt e 40
2.1.5  X-ray Photoelectron SpectroSCOPY (XPS) ....cvcvveieiireiesieseeie e se e sie e e e 41
2.1.6  Size Exclusion Chromatography (SEC) .....ccccceeeiiiiiini e 43
2.1.7  Dynamic Light Scattering (DLS).......cccoviiveiieiiiieie s et 44
2.1.8  Scanning Electron MicroSCOPY (SEM) .......coviiiiiiiiiiiiiiciese e 45
2.1.9  Energy Dispersive X-ray (EDX) SPECIIOSCOPY .....cervererrirreiriirieisienienisie s 46
2.1.10 Transmission Electron MicroSCopY (TEM) ....ccoeiiiriniininieineeeseeeeseseese s 47
2.1.11 Electron Paramagnetic Resonance (EPR) SPectroSCOPY .......cccevvereerieerieeivesiesienieens 48
2.1.12 Cyclic VORAMMELTY (CV) ittt 49
2.1.13 Conductive-probe atomic force microscopy (C-AFM) ......cccovevvvievieiieneeie e 51
2.1.14 X-ray diffraction (XRD) .....coveiiuiiiiiiiieisie ettt 52
2.1.15 Scanning electrochemical microscopy (SECM) .......ccveiiiiiiiniinciniieeeseeeieseea 53
2.1.16 ZEtA POLENTIAL ...t 54

3  The Polymerisation of Homogentisic Acid In Vitro as a Model for

Pyomelanin FOrMAaTION ..........coooiiiiiiiicec s 57
3.1 INEFOAUCTION ...ttt 58
3.2 EXperimental SECTION ..o 61

3.2.1  Polymerisation of HGA (Lower Concentration of HGA-No Enzyme Control).............. 61

3.2.2  Polymerisation of HGA (Lower Concentration of HGA in the Presence of Enzymes)...61
3.2.3  Polymerisation of HGA (Higher Concentration of HGA—-No Enzyme Control) ............. 62

3.2.4  Polymerisation of HGA (Higher Concentration of HGA in the Presence of Enzymes) ..62

3.3 RESUILS AN DISCUSSION ....vvveieie e e eeeeee ettt ettt e e e e e e et e e e s s seeerrerteeeseseanreneees 63

34 CONCIUSTON .ttt ettt e e et e e ettt e e e e e e ettt eeeeenaaenrneeeeaeeeanans 76



4

Analysis of phenolic polymers as model melanins ..........c.cccoccoeiiiiiieeinn, 77

4.1 INTFOAUCTION ..o e bbb 78
4.2 EXperimental SECTION .........cooiiiii e 78
421  Synthesis Of MElaniNS ........cccoriiiiii s 78
4.3 RESUILS @Nd DISCUSSION .....cvvieieiiiiieeiiesie ettt neeseeereenne e 79
4.4 CONCIUSTON ...ttt b e 92
Analysis of melanin-ECM interactions ...........ccccccovevveieiiese e, 93
51 18 oo 114 1 o o SRS 94
5.2 EXperimental SECLION ..o et 95
5.2.1  Preparation of POIYDOPA-CSA: ......ooioeeeee ettt 95
5.2.2  Preparation of POIYDOPA-CSC........ocoiiiieieiieie e ste ettt 95
5.2.3  Preparation of POIYDOPA-CSA-CSC.......ccoiiieiiee et ste e te et ta et 96
5.2.4  Preparation of POIYHGA-CSA . .....ci i 96
525  Preparation of POIYHGA-CSC:.....ociiiiiiiiiieries et 97
5.2.6  Preparation of POIYHGA-CSA-CSC: .....ccoiiiiiriiie ettt 97
53 RESUILS aNd DISCUSSION ......vevieiiiiiiieeiesiesieieie ettt eenes 98
54 (00 0 10d 11 ] o] o ISP 110
Pyomelanin-ECM INtEractions ...........cccooereiiiininieieeee e 111
6.1 INEFOAUCTION ... 112
6.2 EXperimental SECTION .........coviiiiiiie e 113
6.2.1  Preparation Of SAMPIES: ...c.ciiiiiiie e 113
6.2.2  RAMAN SPECIIOSCOPY: 1.vevireiierretiireste sttt et ettt st r et be e e sresr bbb e e e snennenne s 113
6.3 RESUIS aNd DISCUSSION .....ccvviviiiiiiieiesie e ettt st sne e sre e 114
6.4 LO70] 0 [0d 11 ] o] o OSSPSR 124



7 CoNCIUSION & FULUIE WOTK ..o eeeeeeeeeees 125

7.1 CONCIUSION ...t 125
7.2 FUTUNE WOTK ..o 126
ST Y o] o 1< T I = USSR 160
8.1 AAPPENTIX ottt 160
8.2 YN o] 01 o 1 SRS 190
8.3 AAPPENTIX 1ottt ettt r e 198
8.4 AN o] 01 o [t USROS OS 203



List of Tables

TABLE 1.1: BIOTECHNOLOGY TYPES. ...ctitiueetirtiseeeessieesesrisesessessesesse st ssesesse s sssesnesssesnessesesnessesesnesnens 7
TABLE 1.2 ANALYTICAL TECHNIQUES APPLIED TO MELANINS. .....ceiiiiiitiiriniisresieeiesne st 8
TABLE A.1.1: SUMMARY OF XPS DATA (C 1S AND O 1S) FOR HGA. .....coviiiiiiiiiiicieecseee e 170
TABLE A.1.2: SUMMARY OF XPS DATA (C 1s AND O 1S) FOR POLYHGA (NO ENZYME CONTROL) ........ 171

TABLE A.1.3: SUMMARY OF XPS DATA (C 15 AND O 1S) FOR POLYHGA FORMED IN THE PRESENCE OF
TYROSINASE. ...ttettesteesteesteessease e st e sbe e bt as s e e s e she e s b e e nb e e nee e e e em et eR e e eRe e b e e sbe e s Rt e ReenRe e sRe e abeenneenneanrenneenreen 172
TABLE A.1.4: SUMMARY OF XPS DATA (C 1s AND O 1S) FOR POLYHGA FORMED IN THE PRESENCE OF
LA CCASE . ...ttt eutteetee st e abeeast et e bt e aabe e et e e ek et e b et oAbt e e b e e oA R et e R e e AR et e R et e b e e e R e e R e e e be e e b e e e be e e breennee et 173
TABLE A.1.5: SUMMARY OF XPS DATA (C 1S AND O 1s) FOR POLYHGA FORMED IN THE PRESENCE OF

PEROXIDASE. .. ittt s s eas 174



List of Figures

FIGURE 1.1: EYE CATCHING EXAMPLES OF COLOUR IN NATURE (INCLUDING MELANIN-DERIVED COLOURS).

......................................................................................................................................................... 2
FIGURE 1.2: EXAMPLES OF NATURALLY OCCURRING PIGMENT ...ttt et et eeeaeens 3
FIGURE 1.3: COMMON BIOSYNTHETIC PATHWAYS FOR MELANINS......ccitviiiiiteieeiitteeesetteeeseseeessssreeessseesssnns 4

FIGURE 1.4: THE THREE-STEP, FOUR-LEVEL HIERARCHICAL BUILD-UP MECHANISM OF NATURAL AND
BIOMIMETIC EUMELANIN, BASED ON THE STATE OF LITERATURE.. .....oocviiiiiiiniiiiii i, 6
FIGURE 1.5: A BRIEF TIMELINE OF MELANIN-BASED ELECTRONICS RESEARCH. .....ccocutiriieiiieenieesieesneens 25

FIGURE 1.6: A POSTULATED SCHEME FOR THE FORMATION OF OCHRONOTIC PIGMENT IN ALKAPTONURIA.

FIGURE 3.1: THE CHEMICAL STRUCTURES OF HOMOGENTISIC ACID (HGA) AND BENZOQUINONE ACETIC
Yo [0 (=10 7 A USSR 59

FIGURE 3.2: SCHEMATIC OF THE POLYMERIZATION OF HOMOGENTISIC ACID (HGA) TO FORM PYOMELANIN.

FIGURE 3.3: UV-VIS SPECTRA OF HGA REACTION MIXTURES AFTER 6 WEEKS AT EITHER PH5.0 OR 7.4, IN
THE ABSENCE OF ENZYME (CONTROL) OR PRESENCE OF ENZYME (LACCASE (LACC), PEROXIDASE
(HRP), TYROSINASE (TYR)............ 65

FIGURE 3.4: XPS C 1S CORE LINE SPECTRA: A) HGA,; B) POLYHGA (NO ENZYME CONTROL AT PH 5.0); C)
POLYHGA (NO ENZYME CONTROL AT PH 7.4); D) POLYHGA (FORMED IN THE PRESENCE OF
TYROSINASE AT PH 5.0); E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4); F)
POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0); G) POLYHGA (FORMED IN THE
PRESENCE OF LACCASE AT PH 7.4); H) POLYHGA AT PH 5.0); AND 1) POLYHGA (FORMED IN THE
PRESENCE OF PEROXIDASE AT PH 7.4). ..ottt st s 67

FIGURE 3.5: XPS O 1s CORE LINE SPECTRA A) HGA,; B) POLYHGA (NO ENZYME CONTROL AT PH 5.0); C)
POLYHGA (NO ENZYME CONTROL AT PH 7.4); D) POLYHGA (FORMED IN THE PRESENCE OF
TYROSINASE AT PH 5.0); E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4); F)

POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0); G) POLYHGA (FORMED IN THE

Vi



PRESENCE OF LACCASE AT PH 7.4); H) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH
5.0); AND I) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 7.4). ..cooviiiiiiiciiees 68
FIGURE 3.6: FTIR SPECTRA OF DIALYZED POLYHGA ISOLATED AFTER 6 WEEKS OF REACTION AT PH 5.0
AND PH 7.4, GENERATED IN THE ABSENCE OF ENZYME (NO ENZYME CONTROL) OR PRESENCE OF
ENZYME (LACCASE (LACC), PEROXIDASE (HRP), AND TYROSINASE (TYR)). ..ccovvviveieieieiesienn, 70
FIGURE 3.7: BAND EPR SPECTRA OF POLYHGA SAMPLES GENERATED AT PH 7.4 IN THE ABSENCE OF

ENZYMES (BLACK), OR PRESENCE OF LACCASE (BLUE), PEROXIDASE (RED), OR TYROSINASE (GREEN).

FIGURE 3.8: EXPERIMENTAL EPR SPECTRUM OF POLYHGA GENERATED IN THE PRESENCE OF PEROXIDASE
SAMPLE (BLACK) AND SIMULATION (RED). THE SIMULATION INCLUDED A BROAD C-CENTERED
COMPONENT (G = 2.0034, VOIGTIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH 4.2 G, 97.8%) AND A
SHARPER SEMIQUINONE RADICAL (G =2.004, GAUSSIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH 2.2
Gy 2.200). ceeteete ettt b R bR h R R R R e b e b et e e bt ebe et e ebeebe e etenre e 72

FIGURE 3.9: CONDUCTIVE TIP AFM DATA FOR POLYHGAS. COMPARISON OF THE CONDUCTANCE
HISTOGRAMS FOR POLYHGAS GENERATED IN THE PRESENCE OF LACCASE (LACC) AT PH 7.4, OR
PEROXIDASE (HRP) AT PH 7.4 OR 5.0, RESPECTIVELY. c.eevttiitistesiesteereesieeesiesteseestesneeseeseensesesseesees 75

FIGURE 4.1: A SCHEMATIC OF THE POLYMERIZATION OF CAT, DOPA OR HGA TO FORM MODEL MELANINS
IS IMPORTANT TO NOTE THAT NATURAL MELANINS MAY CONTAIN OTHER MONOMERS DEPENDING ON
THE CONDITIONS UNDER WHICH THEY ARE FORMED IN VIVO, AND THE POLYMERS DEPICTED ARE
THEREFORE SIMPLIFIED VERSION OF MELANINS, POLYCAT, POLYDOPA OR POLYHGA,
RESPECTIVELY (DEPICTED ABOVE), THAT ARE STUDIED HEREIN. ...ccuviuvateereenieiesersenseeeneeeeeeseeseesees 80

FIGURE 4.2: UV-VIS SPECTRA OF THE POLYMERS STUDIED HEREIN. (0.0026 MG/ML). ....cccccvvevveiieinenen, 81

FIGURE 4.3: X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) SPECTRA. A) POLYCAT-HS C 1S CORE LINE
SPECTRA. B) POLYCAT-HS O 1S CORE LINE SPECTRA. C) POLYCAT-LS C 1S CORE LINE SPECTRA.
D) POLYCAT-LS O 1S CORE LINE SPECTRA. E) POLYDOPA-HS C 1S CORE LINE SPECTRA. F)
POLYDOPA-HS O 1s CORE LINE SPECTRA. G) POLYDOPA-LS C 1S CORE LINE SPECTRA. H)
POLYDOPA-LS O 1S CORE LINE SPECTRA. I) POLYHGA-HS C 1S CORE LINE SPECTRA. J) POLYHGA-
HS O 1S CORE LINE SPECTRA. ... utittetieuteastesteesteesteesteesstasseassesssesstesbeesbeesesssesseesbeeabesnseansessressnesseens 83

FIGURE 4.4: TRANSMISSION ELECTRON MICROSCOPY (TEM) AND SCANNING ELECTRON MICROSCOPY

(SEM) IMAGES OF SAMPLES STUDIED HEREIN. A) POLYCAT-HS TEM. B) POLYCAT-HS SEM

vii



(SCALE BAR REPRESENTS 10 um). C) POLYCAT-LS TEM. D) POLYCAT-LS SEM (SCALE BAR
REPRESENTS 10 uM). E) POLYDOPA-HS TEM. F) POLYDOPA-HS SEM (SCALE BAR REPRESENTS
1 um). G) POLYDOPA-LS TEM. H) POLYDOPA-LS SEM (SCALE BAR REPRESENTS 1 uM). I)
POLYHGA-HS TEM. J) POLYHGA-HS SEM (SCALE BAR REPRESENTS 1 M)....c.ccvviviieiinieieiinienas 86
FIGURE 4.5: FOURIER-TRANSFORM INFRARED (FTIR) SPECTRA OF MONOMERS AND POLYMERS. A)
CATECHOL (CAT), POLYCAT-HS, AND POLYCAT-LS. B) LEVODOPA (DOPA), POLYDOPA-HS,
AND POLYDOPA-LS. C) HOMOGENTISIC ACID (HGA) AND POLYHGA-HS. ..o 87
FIGURE 4.6: -BAND ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTRA OF POLYMERS STUDIED
HEREIN. 1.ttt sttt s b e bt e b s bt e e bt e bt e b s b s b e s R e nn e e e e nre e 88
FIGURE 4.7: EXPERIMENTAL ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTRUM OF POLYCAT-HS
(BLACK) AND SIMULATION (RED). THE SIMULATION INCLUDED A BROAD C-CENTERED COMPONENT
(G =2.0033, 41.6%) AND A SHARPER SEMIQUINONE RADICAL (G =2.0048, 58.4%). .........ccccverunnne 89
FIGURE 4.8: CONDUCTANCE DATA FOR POLYMERS STUDIED HEREIN. A) POLYCAT-HS |-V CURVES. B)
POLYCAT-HS CONDUCTANCE HISTOGRAM. C) POLYCAT-LS |-V CURVES. D) POLYCAT-LS
CONDUCTANCE HISTOGRAM. E) POLYDOPA-HS |-V CURVES. F) POLYDOPA-HS CONDUCTANCE
HISTOGRAM. G) POLYDOPA-LS |-V CURVES. H) POLYDOPA-LS CONDUCTANCE HISTOGRAM. |)
POLYHGA-HS |-V CURVES. J) POLYHGA-HS CONDUCTANCE HISTOGRAM. DATA COURTESY OF
SAM. L 91
FIGURE 5.1: STRUCTURES OF THE MODEL MELANINS (POLYDOPA AND POLYHGA, RESPECTIVELY) AND

CHONDROITIN SULFATE DERIVATIVES (CSA AND CSC, RESPECTIVELY), THAT ARE STUDIED HEREIN.

FIGURE 5.2: UV-VIS SPECTRA OF THE POLYMERS STUDIED HEREIN (0.0208MG/ML ......c.coovevvveiveieiienen, 99
FIGURE 5.3: TEM. A) POLYDOPA-CSA. B) POLYDOPA-CSC. C) POLYHGA-CSA. D) POLYHGA-CSC.
E) POLYDOPA-CSA-CSC. F) POLYHGA-CSA-CSC. ....coiiiiiiiiriteierieee et 100
FIGURE 5.4: XPS SPECTRA (C 1S CORE LINE SPECTRA). A) CSA. B) CSC. C) pOLYDOPA-CSA. D)
POLYDOPA-CSC. E) POLYDOPA-CSA-CSC. F) POLYHGA-CSA. G) POLYHGA-CSC. H)

[2T0 I o [ A GRS Y ANt ] R 102

viii



FIGURE 5.5: XPS SPECTRA (O 1S CORE LINE SPECTRA). A) CSA. B) CSC. C) poLYDOPA-CSA. D)

POLYDOPA-CSC. E) POLYDOPA-CSA-CSC. F) POLYHGA-CSA. G) POLYHGA-CSC. H)

POLYHGA-CCSA-CSC. ittt e e s a e e e e e e s bbbt e e e s e s s s bbrbaee s 103
FIGURE 5.6: FTIR SPECTRA OF MONOMERS AND POLYMERS STUDIED HEREIN. .....cccvvviiieeiiiiiiiiiieeeeesinnns 105
FIGURE 5.7: 13C SSNMR SPECTRA OF THE MATERIALS STUDIED HEREIN. ©...evveveeeeevereeeeeseeeeeeeseereeeaeanens 107

FIGURE 5.8: I-V MEASUREMENTS FOR MATERIALS STUDIED HEREIN. A) DOPA. B) HGA. C) CSA. D) CSC.
E) POLYDOPA-CSA. F) POLYDOPA-CSC. G) pPOLYDOPA-CSA-CSC. H) POLYHGA-CSA. 1)
POLYHGA-CSC. J) POLYHGA-CSA-CSC. DATA COURTESY OF SAM....coeiiieieiinienieienienieeniennens 109

FIGURE 6.1: SCHEMATIC OF THE POLYMERIZATION OF HOMOGENTISIC ACID (HGA) TO FORM POLYHGA, A
SIMPLIFIED MODEL OF PYOMELANIN STUDIED HEREIN. IT IS IMPORTANT TO NOTE THAT NATURAL
PYOMELANIN SAMPLES MAY CONTAIN OTHER MONOMERS DEPENDING ON THE CONDITIONS UNDER
WHICH THEY ARE FORMED IN VIVO. ...ceuttiitiiiaiteaiiesteestee e sres s e snesnessnesssesneesneenneennesnnesnnas 114

FIGURE 6.2: RAMAN SPECTRA OF TENDONS STUDIED HEREIN. A) TURKEY TENDON ALONG THE LENGTH
(UNTREATED). B) DISTAL SECTION OF TENDON. C) PROXIMAL OF TENDON. D) MID-POINT SECTION
OF TENDON. .utttetttestttestttesutee sttt e sueeesbbeessse e sttt e saseeshb e e aas e e eh bt e aR bt e ehbeeah b e e eh bt e aab e e e hbeeambeeasbeesnbeesnbeennree e 116

FIGURE 6.3: FTIR SPECTRA OF TENDONS STUDIED HEREIN. A) PROXIMAL SECTION OF TENDON. B) MID-
POINT OF TENDON. C) DISTAL SECTION OF TENDON. ....ccuveitreiteeieeiesieseeseesseesseesseessessesssessssssenns 118

FIGURE 6.4: SEM. A) PROXIMAL SECTION OF TENDON (CONTROL). B) PROXIMAL SECTION OF TENDON
(Low [HGA]). C) PROXIMAL SECTION OF TENDON (HIGH [HGA]). D) MID-POINT SECTION OF
TENDON (CONTROL). E) MID-POINT SECTION OF TENDON (LOW [HGA]). F) MID-POINT SECTION OF
TENDON (HIGH [HGA]). G) DISTAL SECTION OF TENDON (CONTROL). H) DISTAL SECTION OF TENDON
(Low [HGA]). I) DISTAL SECTION OF TENDON (HIGH [HGA]). .ecoveciecieceeciee e 119

FIGURE 6.5: SECM. A) PROXIMAL SECTION OF TENDON (CONTROL). B) PROXIMAL SECTION OF TENDON
Low [HGA]). C) PROXIMAL SECTION OF TENDON (HIGH [HGA]) ..ccoveviecieiieeee e 121

FIGURE 6.6: SECM. A) MID SECTION OF TENDON (CONTROL). B) MID SECTION OF TENDON LOW [HGA]).
C) MID SECTION OF TENDON (HIGH [HGAL]) «.ve ettt e 122

FIGURE 6.7: SECM. A) DISTAL SECTION OF TENDON (CONTROL). B) DISTAL SECTION OF TENDON LOW

[HGAY]). C) DISTAL SECTION OF TENDON (HIGH [HGA]) ..eeiiiiiiierieriiseee e 123



FIGURE A.1.1: PHOTOGRAPHS OF REACTION MIXTURES. IN EACH CASE FROM LEFT TO RIGHT: NO ENZYME
CONTROL, WITH PEROXIDASE, WITH LACCASE, WITH TYROSINASE. A) AFTER 24 HOURS AT PH 5. B)
AFTER 24 HOURS AT PH 7.4. C) AFTER 6 WEEKS AT PH 5. D) AFTER 6 WEEKSATPH 7.4. ............ 160

FIGURE A.1.2: UV-VIS SPECTRA OF REACTION MIXTURES OVER A PERIOD OF 24 HOURS AT PH 7.4. A) NO
ENZYME CONTROL. B) WITH PEROXIDASE. C) WITH LACCASE. D) WITH TYROSINASE. E AND F)
AVERAGE PEAK INTENSITY OVER 24 HOURS AT 248 AND 290 NM, RESPECTIVELY: NO ENZYME
CONTROL (BLACK LINE), WITH PEROXIDASE (RED LINE), WITH LACCASE (BLUE LINE), WITH
TYROSINASE (GREEN LINE). FOR THE NO ENZYME CONTROL, REACTION IN THE PRESENCE OF LACCASE
OR TYROSINASE, THE PEAK INTENSITY AT 290 NM CHARACTERISTIC OF HGA DECREASES IN
INTENSITY OVER 24 HOURS, AND THE PEAK INTENSITY AT 248 NM CHARACTERISTIC OF BQA
INCREASES IN INTENSITY; BY COMPARISON FOR THE REACTION IN THE PRESENCE OF PEROXIDASE THE
OXIDATION OF HGA TO BQA IS VERY FAST, AS IS THE ONSET OF POLYMERIZATION (BROAD BAND
ABSORPTION > 300 NIM). 11eutieuiiiiiesiiesieesieesteesteassesssesseesteesteestessaesseesseesseesseasseassesssesssesseessenenssesnees 161

FIGURE A.1.3: THNMR OF HGA IN D20, ...ttt 162

FIGURE A.1.4: 'H NMR oF POLYHGA IN D,O (NO ENZYME CONTROL AT PH 5.0); INCLUDES TRACE OF
ACETONE. ..uttteitttette ettt ettt e steeeste e e b et e sae e e sb bt e sae e e sb bt e aa b e e eh b e e sh b e e ah b e e eRb e e 1R bt e emb e e e b e e e b e e e bt e e be e et e e ene et 163

FIGURE A.1.5: 'H NMR OF POLYHGA IN D20 (NO ENZYME CONTROL ATPH 7.4). ..coooviviiveiieieeenn 163

FIGURE A.1.6: *H NMR OF POLYHGA IN DO (FORMED IN THE PRESENCE OF TYROSINASE AT PH 5.0).164

FIGURE A.1.7: *H NMR oF POLYHGA IN DO (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4).164

FIGURE A.1.8: *H NMR oF POLYHGA IN D,0 (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0). ....165

FIGURE A.1.9: *H NMR OF POLYHGA IN D,O (FORMED IN THE PRESENCE OF LACCASE AT PH 7.4).......165

FIGURE A.1.10: *H NMR oF POLYHGA IN D,O (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 5.0).

FIGURE A.1.12: XPS WIDE SCANS: A) HGA,; B) POLYHGA (NO ENZYME CONTROL AT PH 5.0); C)
POLYHGA (NO ENZYME CONTROL AT PH 7.4); D) POLYHGA (FORMED IN THE PRESENCE OF
TYROSINASE AT PH 5.0); E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4); F)

POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0); G) POLYHGA (FORMED IN THE



PRESENCE OF LACCASE AT PH 7.4); H) POLYHGA (FORMED IN THE PRESENCE OFEROXIDASE AT PH
5.0); I) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 7.4).....cceiiiiiiiiiieciee 167
FIGURE A.1.13: XPS C 1S CORE LINE SPECTRA: A) HGA; B) POLYHGA (NO ENZYME CONTROL AT PH 5.0);
C) POLYHGA (NO ENZYME CONTROL AT PH 7.4); D) POLYHGA (FORMED IN THE PRESENCE OF
TYROSINASE AT PH 5.0); E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4); F)
POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0); G) POLYHGA (FORMED IN THE
PRESENCE OF LACCASE AT PH 7.4); H) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH
5.0); I) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 7.4).....cceiiiiiiiiiieiiee 168
FIGURE A.1.14: XPS O 1S CORE LINE SPECTRA: A) HGA; B) POLYHGA (NO ENZYME CONTROL AT PH 5.0);
C) POLYHGA (NO ENZYME CONTROL AT PH 7.4); D) POLYHGA (FORMED IN THE PRESENCE OF
TYROSINASE AT PH 5.0); E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE AT PH 7.4); F)
POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0); G) POLYHGA (FORMED IN THE
PRESENCE OF LACCASE AT PH 7.4); H) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH
5.0); I) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 7.4)...ccviiiniiiieiee 169
FIGURE A.1.15: SEC DATA FOR VARIOUS SAMPLES. A) BLANK CONTROL. B) POLYHGA (NO ENZYME
CONTROL AT PH 5.0). C) POLYHGA (NO ENZYME CONTROL AT PH 7.4). D) POLYHGA (FORMED IN
THE PRESENCE OF TYROSINASE AT PH 5.0). E) POLYHGA (FORMED IN THE PRESENCE OF TYROSINASE
AT PH 7.4). F) POLYHGA (FORMED IN THE PRESENCE OF LACCASE AT PH 5.0). G) POLYHGA
(FORMED IN THE PRESENCE OF LACCASE AT PH 7.4). H) POLYHGA (FORMED IN THE PRESENCE OF
PEROXIDASE AT PH 5.0). I) POLYHGA (FORMED IN THE PRESENCE OF PEROXIDASE AT PH 7.4). ..175
FIGURE A.1.16: SEM AND EDX DATA FOR POLYHGA (NO ENZYME CONTROL AT PH 5.0). A) SEM-EDX
LAYERED IMAGE (SCALE BAR REPRESENTS 25 MM). B) EDX SPECTRUM......cccoovevuiiieiieiieesie e 175
FIGURE A.1.17: SEM AND EDX DATA FOR POLYHGA (NO ENZYME CONTROL AT PH 7.4). A) SEM-EDX
LAYERED IMAGE (SCALE BAR REPRESENTS 25 MM). B) EDX SPECTRUM......cccovveviiiieiie et 176
FIGURE A.1.18: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF TYROSINASE AT PH
7 RS PPPRPI 176
FIGURE A.1.19: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF TYROSINASE AT PH
T e bbbt LR bRt b Aot R ettt et a bttt e et ettt re s 177

FIGURE A.1 20: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF LACCASE AT PH 5.0.



FIGURE A.1.21: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF LACCASE AT PH 7.4.
A) SEM-EDX LAYERED IMAGE (SCALE BAR REPRESENTS 25 MM). B) EDX SPECTRUM. .............. 177
FIGURE A.122: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF PEROXIDASE AT PH5.0.
A) SEM-EDX LAYERED IMAGE (SCALE BAR REPRESENTS 25 MM). B) EDX SPECTRUM. .............. 178
FIGURE A.1.23: SEM AND EDX DATA FOR POLYHGA FORMED IN THE PRESENCE OF PEROXIDASE AT PH7.4.
A) SEM-EDX LAYERED IMAGE (SCALE BAR REPRESENTS 25 MM). B) EDX SPECTRUM. .............. 178
FIGURE A.1.24: HIGH MAGNIFICATION SEM IMAGES. A) POLYHGA, NO ENZYME CONTROL AT PH 7.4
(SCALE BAR REPRESENTS 100 NM). B) POLYHGA FORMED IN THE PRESENCE OF TYROSINASE AT PH
7.4 (SCALE BAR REPRESENTS 100 NM). C) POLYHGA FORMED IN THE PRESENCE OF LACCASE AT PH
7.4 (SCALE BAR REPRESENTS 100 NM). D) POLYHGA FORMED IN THE PRESENCE OF PEROXIDASE AT
PH 7.4 (SCALE BAR REPRESENTS 1 MM). FIGURE A.1.26. EXPERIMENTAL EPR SPECTRUM OF
POLYHGA GENERATED IN THE ABSENCE OF ENZYMES AT PH 7.4, (BLACK) AND SIMULATION (RED).
THE SIMULATION INCLUDED A BROAD C-CENTERED COMPONENT (G = 2.0034, VOIGTIAN LINE SHAPE
WITH PEAK-TO-PEAK WIDTH 4.3 G, 93.8%) AND A SHARPER SEMIQUINONE RADICAL (G = 2.0039,
GAUSSIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH 2.7 G, 6.2%0). ....cveiiiieiesie e 179
FIGURE A.1.25: FTIR SPECTRA OF DIALYZED POLYHGA ISOLATED AFTER 6 WEEKS OF REACTION AT PH
5.0 AND PH 7.4, GENERATED IN THE ABSENCE OF ENZYME (NO ENZYME CONTROL) OR PRESENCE OF
ENZYME (LACCASE [LACC], PEROXIDASE [HRP], TYROSINASE [TYR]). ccvevveieiie e 180
FIGURE A.1.26: EXPERIMENTAL EPR SPECTRUM OF POLYHGA GENERATED IN THE ABSENCE OF ENZYMES
AT PH 7.4, (BLACK) AND SIMULATION (RED). THE SIMULATION INCLUDED A BROAD C-CENTERED
COMPONENT (G = 2.0034, VOIGTIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH 4.3 G, 93.8%) AND A
SHARPER SEMIQUINONE RADICAL (G = 2.0039, GAUSSIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH
2.7 G, B.290). vttt ettt e E et r e b bR e Rt be bttt ne et eens 181
FIGURE A.1.27: EXPERIMENTAL EPR SPECTRUM OF POLYHGA GENERATED IN THE PRESENCE OF LACCASE
AT PH 7.4, SAMPLE (BLACK) AND SIMULATION (RED). THE SIMULATION INCLUDED A BROAD C-
CENTERED COMPONENT (G = 2.0034, VOIGTIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH 4.5 G,
95.2%) AND A SHARPER SEMIQUINONE RADICAL (G = 2.0039, GAUSSIAN LINE SHAPE WITH PEAK-TO-

PEAK WIDTH 2.7 G, 4.890). .. ettt ittt sttt sttt be bbb bt ene e e e nnenbesbe s 181

Xii



FIGURE A.1.28: EXPERIMENTAL EPR SPECTRUM OF POLYHGA GENERATED IN THE PRESENCE OF
TYROSINASE AT PH 7.4, SAMPLE (BLACK) AND SIMULATION (RED). THE SIMULATION INCLUDED A
BROAD C-CENTERED COMPONENT (G = 2.0036, VOIGTIAN LINE SHAPE WITH PEAK-TO-PEAK WIDTH
4.4 G, 96.1%) AND A SHARPER SEMIQUINONE RADICAL (G = 2.0039, GAUSSIAN LINE SHAPE WITH
PEAK-TO-PEAK WIDTH 3.0 G, 3.9%0).....eittiieieiteiieiesie ettt sttt sttt 182

FIGURE A.1.29: CYCLIC VOLTAMMOGRAMS OF POLYHGAS. A) POLYHGA (PREPARED IN THE PRESENCE
OF TYROSINASE AT PH 5.0) AT PH 5.0. B) POLYHGA (PREPARED IN THE PRESENCE OF TYROSINASE
AT PH 7.4) ATPH 7.4. C) POLYHGA (PREPARED IN THE PRESENCE OF LACCASE AT PH 5.0) AT PH 5.0.
D) POLYHGA (PREPARED IN THE PRESENCE OF LACCASE AT PH 7.4) AT PH 7.4. E) POLYHGA
(PREPARED IN THE PRESENCE OF PEROXIDASE AT PH 5.0) ATPH 5.0. F) POLYHGA (PREPARED IN THE
PRESENCE OF PEROXIDASE AT PH 7.4) AT PH 7.4, ...oo i 183

FIGURE A.1.30: CONDUCTIVE PROBE AFM SETUP. ...c.ttiiiiiiiie ettt 184

FIGURE A.1.31: I-V CURVES FOR THE POLYHGA GENERATED IN THE PRESENCE OF TYROSINASE AT PH 5.0.
DATA COURTESY OF ANGELO. 1...teuteteitesteateaseeeetestestessesseeseessessessessessesssesssssessessessessesssesssssessessens 185

FIGURE A.1.32: I-V CURVES FOR THE POLYHGA GENERATED IN THE PRESENCE OF TYROSINASE ATPH 7.4

FIGURE A.1.33: |-V CURVES FOR THE POLYHGA GENERATED IN THE PRESENCE OF LACCASE (LACC) AT
T T TS PTSTRRRS 187
FIGURE A.1.34: |-V CURVE FOR THE POLYHGA GENERATED IN THE PRESENCE OF LACCASE (LACC) AT PH
T e e e — e ————eaE— e e e et ——e e e _ et e e artee e e atat e e e naeeeeantree e e naeeeennrees 187
FIGURE A.1.35: |-V CURVE FOR THE POLYHGA GENERATED IN THE PRESENCE OF PEROXIDASE (HRP) AT
T T TS PTSTRRRS 188
FIGURE A.1.36: |-V CURVE FOR THE POLYHGA GENERATED IN THE PRESENCE OF PEROXIDASE (HRP) AT
I TSP 188
FIGURE A.1.37: COMPARISON OF LOG G COUNTER MAPS FOR THE POLYHGAS GENERATED IN THE

PRESENCE OF LACCASE (LACC) AT PH 7.4, OR PEROXIDASE (HRP) AT PH 7.4 OR 5.0, RESPECTIVELY.

Xiii



FIGURE A.2.1: 'H NMR oF CAT (RED, INCLUDES TRACE OF ACETONE), POLYCAT-HS (BLUE) AND
POLYCAT-LS (GREEN) IN D20 ...oviieiiitiieeiesie ettt et 190
FIGURE A.2.2: 'H NMR oF L-DOPA (ReD), POLYLDOPA-HS (BLUE) AND POLYLDOPA-LS (GREEN) IN
[ 7O TSP OPTUPPPPR 190
FIGURE A.2.3: 'H NMR OF HGA (RED) AND POLYHGA-HS (BLUE) IN D20. ...coevvrvirereeeiceeereecen e, 191
FIGURE A.2.4: XPS SPECTRA. A) POLYCAT-HS WIDE SCAN. B) POLYCAT-LS WIDE SCAN. C) POLYDOPA.-
HS WIDE SCAN. D) POLYDOPA-LS WIDE SCAN. E) POLYHGA-HS WIDE SCAN. .....c.cevuririrerinnns 192
FIGURE A.2.5: X-RAY DIFFRACTOGRAMS OF SAMPLES STUDIED HEREIN. ....cccoiviniiiiniinriniesieseeresee s 193
FIGURE A.2.6: FTIR SPECTRA OF MONOMERS AND POLYMERS. A) CAT, POLYCAT-HS AND POLYCAT-LS.
B) DOPA, POLYDOPA-HS AND POLYDOPA-LS. C) HGA AND POLYHGA-HS. ... 194
FIGURE A.2.7: CYCLIC VOLTAMMOGRAMS OF MONOMERS AND POLYMERS STUDIED HEREIN. A) CAT PH5.
B) CAT PH 7.4. C) POLYCAT-HS PH 5. D) POLYCAT-HS PH 7.4. E) POLYCAT-LS PH 5. F)
POLYCAT-LSPH 7.4 ..ottt sr e e nn e nreenreen 195
FIGURE A.2.8: CYCLIC VOLTAMMOGRAMS OF MONOMERS AND POLYMERS STUDIED HEREIN. A) DOPA
PH5. B) DOPA PH 7.4. C) POLYDOPA-HS PH 5. D) POLYDOPA-HS PH 7.4. E) POLYDOPA-LS PH
5. F) POLYDOPA-LS PH 7.4 ..ottt bbb 196
FIGURE A.2.9: CYCLIC VOLTAMMOGRAMS OF MONOMERS AND POLYMERS STUDIED HEREIN. A) HGA PH

5.B) HGA PH 7.4. C) POLYHGA-HS PH 5. D) POLYHGA-HS PH 7.4....c.ociiciic e 197

FIGURE A.3.1: X-RAY DIFFRACTOGRAMS OF SAMPLES STUDIED HEREIN. .....cccoueviiiiiniiiiinisisesiesie e 198
FIGURE A.3.2: FTIR SPECTRA OF MONOMERS AND POLYMERS STUDIED HEREIN (FULL SPECTRUM).......198
FIGURE A.3.3: CYCLIC VOLTAMMOGRAMS OF MONOMERS. A) DOPA PH 5. B) DOPA PH 7.4. C) HGA PH
5.D)HGAPH 7.4.E) CSAPH5.F) CSAPH 7.4.G) CSCPH5. H) CSCPH 7....ccvviiiiiee 199
FIGURE A.3.4: CYCLIC VOLTAMMOGRAMS OF POLYMERS STUDIED HEREIN. A) POLYDOPA-CSA PH 5. B)
POLYDOPA-CSA PH 7.4. C) POLYDOPA-CSC PH 5. D) POLYDOPA-CSC PH 7.4. E) POLYDOPA-

CSA-CSCPHD5. F) POLYDOPA-CSA-CSCPH 7.4 ..ottt 200

Xiv



FIGURE A.3.5: CYCLIC VOLTAMMOGRAMS OF POLYMERS STUDIED HEREIN. A) POLYHGA-CSA PH 5. B)
POLYHGA-CSA PH 7.4. C) POLYHGA-CSC PH 5. D) POLYHGA-CSC PH 7.4. E) POLYHGA-CSA-
CSCPH 5. F) POLYHGA-CSA-CSCPH 7.4, ..ottt 201

FIGURE A.3.6: SET UP FOR ELECTRONIC MEASUREMENT . ....ciiiiitttiiiieeiiiiiiiiiee e e e s s ssibbensessssssasbbnneeasssssanens 202

FIGURE A.4.1: X-RAY DIFFRACTOGRAMS OF SAMPLES STUDIED HEREIN. A) PROXIMAL

SECTION OF TENDON. B) MID-POINT OF TENDON. C) DISTAL SECTION OF TENDON.

FIGURE A.4.2: FTIR SPECTRA OF TENDONS STUDIED HEREIN. A) PROXIMAL SECTION OF

TENDON. B) MID-POINT OF TENDON. C) DISTAL SECTION OF TENDON................. 204

XV



Abbreviations and Acronyms

Abbreviation

AAS

AES

AFM

AKU

BQA

C-AFM

CAT

CSA

CSC

Ccv

DHI

DHICA

DLS

DOPA

Definition

Atomic Absorption Spectroscopy

Atomic Emission Spectroscopy

Atomic Force Microscopy

Alkaptonuria

Benzoquinoneacetic acid

Conductive probe atomic force microscopy

Catechol (1,2-dihydroxybenzene)

Chondroitin sulfate A

Chondroitin sulfate C

Cyclic voltammetry

Dihydroxyindole

5,6-dihydroxyindole-2-carboxylic acid

Dynamic light scattering

Levodopa

XVi



DSC Differential scanning calorimetry

ECM Extracellular matrix

EDX/EDS Energy dispersive X-ray spectroscopy

EIS Electrochemical impedance spectroscopy
EPR/ESR Electron Paramagnetic Resonance

ESR Electron Spin Resonance Spectroscopy
FTIR Fourier transform infrared spectroscopy
GPC/SEC Gel Permeation Chromatography or Size Exclusion Chromatography
HGA Homogentisic acid

HPLC High Performance Liquid Chromatography
HRP Horseradish peroxidase

LACC Laccase

MS Mass Spectrometry

NMR Nuclear Magnetic Resonance Spectroscopy
OCT Optical coherence tomography
polyCAT-HS Poly catechol- High solubility
polyCAT-LS Poly catechol- Low solubility

Xvii



polyDOPA-HS

polyDOPA-LS

polyHGA-HS

SAXS

SECM

SEM

SFDS

SLS

SPM

sSNMR

ST™M

TEM

TGA

TYR

UV-Vis

WAXS

Poly levodopa -high solubility

Poly levodopa- low solubility

Poly Homogentisic acid -high solubility

Small angle X-ray scattering

Scanning electrochemical microscopy

Scanning Electron Microscopy

Spatial frequency domain spectroscopy

Static light scattering

Scanning Probe Microscopy

Solid state nuclear magnetic resonance spectroscopy

Scanning Tunneling Microscopy

Transmission Electron Microscopy

Thermogravimetric analysis

Tyrosinase

Ultraviolet-visible Spectroscopy

Wide angle X-ray scattering

Xviii



XPS X-ray Photoelectron Spectroscopy

XRD X-ray diffraction

XRF X-ray Fluorescence Spectroscopy

XiX






1 Introductory Chapter

Overview

Melanins are a class of biopolymers that are widespread in nature and have diverse
origins, chemical compositions, and functions. Their chemical, electrical, optical, and
paramagnetic properties offer opportunities for applications in materials science,
particularly for medical and technical uses. This chapter focuses on the application of
analytical techniques to study melanins in multidisciplinary contexts with a view to their

use for advanced biotechnological applications.

1.1 Introduction

The color a light source has is dependent on the wavelengths of light mixed together.
Perception of color is dependent on the species observing an object * 2, and the color of
an object is dependent on the parts of the spectrum visible to the species that are not
absorbed (e.g. by dyes, pigments, etc.) and reflected/scattered/transmitted, and/or
interference effects 38, Colorants (dyes and pigments) impart color to a material; dyes
are molecular species, whereas pigments are particulates (and their color tends to be
more stable than dyes [i.e. less likely to bleach]) °. Dyes and pigments absorb light in
specific wavelength ranges due to their system of conjugated bonds in their structure
(i.e. chromophore) and are responsible for some of the colors we and other species
observe, as exemplified by the dark spots in seashells'®*2 and birds feathers ** (shown

in Figure 1.1).



Figure 1.1: Eye catching examples of colour in nature (including melanin-derived colours).

A) Photographs of colorful seashells. (a—c) Clanculus margaritarius C. (a, b) Two views of a shell of Clanculus
margaritarius C (specimen #2). Note that this specimen is subadult. (c) Colored foot of a live animal. Note that the
color and pattern are the same as found on the shell. (d, ) Two views of a Clanculus pharaonius shell (specimen
#4). (f-h) Calliostoma zizyphinum. (f, g) Two views of a shell of Calliostoma zizyphinum (specimen #2). (h) Living
animal showing foot color (not the same specimen). Note that the foot color and pattern in this species do not match
the shell. Scale bars for Clanculus spp are in mm. Scale bar for Calliostoma is 1 cm. Reproduced with permission
20. Copyright 2017, Wiley. B) Color photos showing the melanin based ornamental traits in four species that have
been well-studied in the context of metals, amino acids, and hormones. (4) Black breast spotting and chestnut breast
coloring in a barn owl, © Alex Roulin. (B) Black breast striping and patch in a male zebra finch, © Kevin McGraw.
(C) Black throat badge of male house sparrow, © Janine Russell. (D) Brown forehead and throat plumage in a barn
swallow, © Kevin McGraw. Reproduced with permission. Copyright 2008, Wiley



Naturally occurring pigments (known as biochromes), are synthesized and accumulated
in, or excreted from, living organisms (animals [Humans], bacteria [Escherichia coli]
and plants [chestnut (Castanea mollissima) and oat (Avena sativa)]). They can be
classified into six major groups as N-heterocyclic derivatives (e.g. betalaines [such as
betanin] and eumelanins), O-heterocyclic derivatives (e.g. anthocynins [such as
rosinidin] and other flavonoid pigments); quinones (e.g. derivatives of anthraquinone
[such as 9,10-anthraquinone], benzoquinone, naphthoquinone, etc.); tetrapyrroles (e.g.
porphyrin derivatives such as chlorophyll and heme); tetraterpenoid derivatives (e.g.
carotenoids [such as B-carotene] and iridoids); and “miscellaneous” (e.g. lipofuscins
[such as N-retinylidene-N-retinyl-ethanolamine] and fungal pigments 14-16) see (Figure

1.2).
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9,10-anthraquinone porphyrin
HO

O
OH

HO,C™ "N~ ~CO,H

betanin rosinidin

N-retinylidene-N-retinyl-ethanolamine

Figure 1.2: Examples of naturally occurring pigments.



Melanins are a class of biopolymers with diverse origins and chemical compositions,
which are widespread in nature, and the focus of this chater (representative structures
are shown in Figure 1.3). While the name melanin was initially applied to black
pigments, it has subsequently been used to describe pigments of colors from
black/brown eumelanins !’ to red/yellow pheomelanins 819, all of which play a role in
skin pigmentation %°, in combination with carotenoids, haemoglobin, etc. 121, Melanins
have a variety of functions in nature (from photoprotection to photosensitization 2% 22,
antioxidant defense and metal/drug binding) 22 which reflect a unique combination of
chemical, electrical, optical and paramagnetic properties 2’3°, and their properties have
resulted in their application in materials science for a range of historical 3!, medical and

technical applications 303236,

Tyrosine Acetate Malonyl CoA Catechol

ﬂ
/TN

N Do b P

DOPA-quinone Dopamine Cysteine 5—CysDOPA

S —T

Eumelanin Neuromelanin Pheomelanin Pyomelanin Allomelanin

3

S

1927, Henry Stanley Raper 1972, a water-

isolated DHI and DHICA 1955, substantia 1960s, i Fon 1976, 1,8-DHN
from black eumelanin nigra melanin classification of pigment was was identified as
1948, Howard Mason was designated melanin into Eu- el o a precursor to
introduced the “polymer” neuromelanin & Pheo-melanin > allomelanin
s pyomelanin

Figure 1.3: Common biosynthetic pathways for melanins. Reproduced with permission 2, Copyright 2021, American
Chemical Society.



Melanin production is typically an oxidative process involving reactive oxygen species
occurring in vivo, often also involving enzymes such as oxidases (e.g. phenolases that
catalyze the oxidation of phenol derivatives [eumelanins and pheomelanins are
produced within melanocytes by a complex biosynthetic pathway involving the
tyrosinase-catalyzed oxidation of tyrosine]) followed by uncontrolled polymerization
of the oxidized intermediates (often involving a reactive quinone intermediate prone to
reactions with amine and hydroxyl groups and capable of undergoing reversible redox
reactions) °. In contrast to the production of polynucleic acids (e.g. DNA, RNA) and
proteins, melanin production does not involve “templates” and therefore the
compositions and sequences of “monomers” in the backbone of the melanins is random
(albeit clearly influenced by the feedstocks available, organism/tissue and other
conditions); however, eumelanins are rich in L-dopa /, pheomelanin is rich in 5-cys-
dopa®’, neuromelanins are rich in 5,6-dihydroxyindole 3 *°, catechol melanins are rich
in catecholic monomers 4> #1 insect melanin is rich in N-acetyl-dopamine *> 4,
pyomelanin is rich in homogentisic acid (HGA), and allomelanins are rich in 1,8-
dihydroxynaphthalene (DHN) ** % see (Figure 1.3). Oligomeric species (e.g.
trichochromes occurring in hair #° tend to have relatively low molecular weights and are
soluble; by comparison, the polymerisation of melanins “® yields species with higher
molecular weights and the formation of insoluble pigment particles. The generation of
these insoluble pigment particles #’ is proposed to proceed via a nucleation and growth
mechanism (Figure 1.4) as detailed in an excellent review by Strube and coworkers .
Melanins are produced by a variety of life forms including bacteria %> *°, and eukarya
(e.g. fungi #5153 plants 5* 5° animals ¥ %6 57, and humans %), and play a role in

photoprotection or in the case of some fungi the conversion of radiation into chemical



energy for growth, opening up the potential for them to play a critical role for life in

extreme environments on Earth and perhaps elsewhere in the universe -,

level 1 level 2 level 3 level 4
eumealanin protoparticie type-A particle type-B particle
oligomer (10%m) (10%m) (107" m)
step 1 step 2 step 3
oligomer protoparticie final agglomeration
stacking agglomeration and consolidation

Figure 1.4: The three-step, four-level hierarchical build-up mechanism of natural and biomimetic eumelanin,
based on the state of literature Reproduced with permission “. Copyright 2017, MDPI.

A multitude of reviews on melanins exist, covering various aspects of their
biochemistry, functions and applications " 46: 57. 980 Thjs chapter focuses on the
application of analytical techniques to study melanins in multidisciplinary contexts with
a view to their use as sustainable resources for advanced biotechnological applications.
The scope of the literature (thousands of papers) prevents this from being
comprehensive in coverage, however it covers a wide variety of analytical techniques
applied to melanins, highlighting a few examples of the insights drawn from analysis of
melanins 8 and their precursors produced by bacteria and eukarya (including
laboratory-based scientists and engineers). It should be of interest to researchers from
multidisciplinary backgrounds seeking an overview of techniques used to study this
class of biomolecules with a view to their novel biotechnological applications 82 8,
which are classified in a color-coded fashion that encompasses broad areas of use

(Table 1.1) &,



Table 1.1: Biotechnology types.

Biotechnology
Classification

Scope

Blue biotechnology

Brown biotechnology

Dark biotechnology

Gold biotechnology

Grey biotechnology

Green biotechnology

Purple/violet
biotechnology

Red biotechnology

White biotechnology

Marine/Sea: use of marine/sea resources to create products and
industrial applications &%,

Management of Arid Lands and Deserts: innovation/creation
of biotechnologies to enable/manage agriculture in arid lands
and deserts %,

Defense: biotechnology related to bioterrorism, biological
weapons and biowarfare (e.g. microorganisms and toxins to
cause diseases/death in humans, livestock and crops) & 9,

Computational/Bioinformatics: in silico biotechnology for the
development and production of products (e.g. compound
identification and toxicity/function screening) 8.

Environmental Applications: biotechnologies focused on the

maintenance of biodiversity and the remediation of pollutants
88

Agricultural: use of agricultural processes (e.g. transgenic
plants) to produce feedstocks/materials 8.

Ethics/Law/Philosophy: issues surrounding biotechnology 8
91, 92

Medical  Technology: biotechnology  for  medical,

pharmaceutical and health applications 8 9% 9,

Industrial Biotechnology: biotechnology applied to industrial
processes (e.g. enzyme mediated synthesis,
synthetic/engineering biology) for the development &
production/processing of valuable chemicals and materials .



Yellow biotechnology Food & Insect: biotechnology used to produce food, or
biotechnology to control/use insects .

1.2 Analysis of Melanins

Melanins produced by organisms have been separated and analysed by various methods
939%. enabling their subsequent application for fundamental and applied science,
technology, engineering and medicine. This section of the review summarizes the
techniques used to study melanins (Table 1.2) which underpins their biotechnological

applications in various industry sectors.

Table 1.2 Analytical techniques applied to melanins.

Analytical Technique. Practical application to

melanins and materials containing melanins.

High Performance HPLC has been shown to be particularly useful in the analysis of
Liquid Chromatography low molecular weight melanin precursors °7-1%,
(HPLC)

Gel Permeation GPC/SEC has been shown to be particularly useful in the
Chromatography analysis of high molecular weight melanins (and the conversion
(GPC) or Size of the low molecular weight species to high molecular weight
Exclusion melanins) 102102,

Chromatography (SEC)

Mass Spectrometry MS measures the mass-to-charge ratios of ionized species
(MS) (molecules or fragments thereof) which are correlated to their

molecular weights via time of flight (TOF) measurements. Low
molecular weight species analysed by techniques such as ESI or
high molecular weight species by MALDI 103-106,



Nuclear Magnetic
Resonance (NMR)
Spectroscopy

Electron Paramagnetic
Resonance (EPR)

or Electron

Spin Resonance
(ESR) Spectroscopy

Atomic Absorption
Spectroscopy (AAS)
and Atomic Emission
Spectroscopy (AES)

Chemiluminescence
Spectroscopy

Fluorescence
Spectroscopy

Infrared Spectroscopy

Massbauer
Spectroscopy

NMR spectroscopy provides information about the chemical
environments of spin active nuclei in materials, and therefore the
chemical structure of melanins and their precursors (and
potentially metal ions bound to such species) using either
solution state or solid state NMR depending on the solubility of
the samples 107108,

EPR/ESR spectroscopy can be used to detect and identify free
radicals and paramagnetic centres (e.g. organic radicals, metals
etc.). Melanins display paramagnetic character due to free
radicals in their structures (e.g. semiquinone free radicals) which
absorb microwaves under magnetic fields yielding spectra
characteristic of the radical species present 109111,

AAS and AES measure the light absorbed/emitted by samples in
the gaseous state (typically metal ions) and have been used to
quantify the metal content of various melanins/materials %8 112,

Chemiluminescence spectroscopy enables measurement of light
emitted as a result of a chemical reaction, and has been used to
study the excited species formed through oxidative reactions
(e.g. oxidized linoleic acid with melanin) 113114,

Fluorescence spectroscopy most often measures light emission
from samples with electrons that have been excited, however, it
is also possible to measure absorption for cases involving
single/pairs of fluorophores, and has been used to study
autofluorescence of melanin-containing materials, metabolic
activity of melanin-producing species, etc > 115,

Fourier transform infrared (FTIR) spectroscopy relies on
spectral differences for IR transmission (passing through
samples), absorbance or reflection, where these differences
enable functional group identification in melanins based on the
energies of specific vibrational mode 115 16,

Mdossbauer spectroscopy probes the properties of specific
isotopic nuclei in different atomic environments by analyzing the
resonant absorption of gamma rays, potentially interesting for
the analysis of the interactions of metal ions with melanins *7.



Phosphorescence
Spectroscopy

Photoacoustic
Spectroscopy

Photothermal
Spectroscopy

Pump-Probe
Spectroscopy

Raman Spectroscopy

Terahertz Time-
Domain Spectroscopy
(THz-TDS)

Ultraviolet-visible (UV-
Vis) Spectroscopy

X-ray Fluorescence
(XRF) Spectroscopy

Phosphorescence spectroscopy enables measurement of light
emitted relatively slowly from a molecule, and can be used to
study singlet oxygen phosphorescence (e.g. during the
photobleaching of melanosomes) 3.

Photoacoustic spectroscopy records the sound waves emitted by
materials that absorb radiation, and can be used to study the
melanin content of a variety of biological materials, and
moreover for drug delivery and theranostic applications 18,

Photothermal spectroscopy enables measurement of heat
evolved on absorption of radiation which has been applied to
study melanins from various sources (e.g. synthetic melanins,
the melanin content of skin) 1%°.

Pump-probe spectroscopy (and variants thereof) has been used
to examine the primary photodynamics of melanins, and is useful
for mapping the distribution of melanin in pigmented tissues and
moreover enabling early diagnosis of melanoma 2% 121,

Raman spectroscopy relies on the inelastic scattering of
monochromatic light to study the vibrational/rotational modes of
molecules, and can be used to analyse bond/chromophore
connectivity in melanins 108 118122

THz-TDS is an efficient technique for the coherent generation
and detection of broadband THz radiation for studying material
response at THz frequencies, with exciting results for diagnostic
imaging of cancers/melanomas during surgeries to assist
removal 12312,

UV-Vis spectroscopy (in either absorption or reflectance modes)
is routinely employed in the study of melanins (e.g. bond
conjugation and connectivity) 5.

XRF is often used for elemental/chemical analysis (e.g.
assessing the concentrations of metal ions which are known to
play important roles in oxidative damage of tissues containing
melanins) 1%,

10



X-ray Photoelectron
Spectroscopy (XPS)

Scattering and
Diffraction

Thermal
Characterization

Electrical
Characterization

Visual and
Microscopic
Characterization

Scanning Electron
Microscopy (SEM)

Transmission Electron

Microscopy (TEM)

XPS offers insight into chemical composition (formula) and the
chemical/electronic state of the elements in melanin-containing
materials 108 118,

A variety of scattering and diffraction techniques (e.g.
turbidimetry, nephelometry, SLS, DLS, XRD, SAXS, WAXS)
enable elucidation of molecular weights of melanins, or the
crystallinity and microstructure of melanin-containing
materials/species 126-1%,

A variety of calorimetric methods exist for monitoring heat flow
to study molecules in the solution and solid phase (e.g.
calorimetry, TGA, DSC), thereby enabling elucidation of
various processes including melanin formation kinetics, melanin
processability and stability in various environments which are
important when incorporating them in materials for various
applications 136140,

Electrochemical characterisation of materials are useful in light
of their interesting properties. Studies of reduction/oxidation
processes and electron transfer using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and dielectric
spectroscopy enable the rational investigation of the protonic and
electronic contributions 41142,

Photography offers a simple method of capturing evidence of
color over a large scale (mm to km), consequently, photographs
provide a useful initial starting point in studies of phenomena,

including coloration of melanin-containing materials/species 4>
144

SEM is used to analyse particle size distributions and elemental
compositions when used in combination with energy dispersive
X-ray spectroscopy (EDX/EDS) 140145146,

TEM is used to analyse particle size distributions and elemental
compositions when used in combination with energy dispersive
X-ray spectroscopy (EDX/EDS) 140 145 14,
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Scanning Probe SPM (e.g. profilometry, STM, AFM, etc.) uses various probes to

Microscopy analyse the surface of samples enabling examination of a
multitude of properties of melanin-containing materials/species
(e.g. electronics, mechanics, spectroscopy, etc.) 147148,

Computational Studies ~ Chemoinformatic studies, such as atomistic simulations are used
to study the structure of melanins and melanin-containing
materials; and bioinformatic studies are used to examine
functional and structural genomics, transcriptomics, proteomics,
metabolomics, glycomics, lipidomics, etc 135 148155,

1.2.1 High Performance Liquid Chromatography (HPLC)

Chromatography enables the separation of low molecular weight species based on
differences in their interactions with the adsorbent material (typically a column packed
with silica, optionally derivatised with species including alkyl chains), causing different
elution times for the different components enabling their separation and subsequent
identification and quantification °"-1%, HPLC has been shown to be particularly useful
in the analysis of low molecular weight melanin precursors because of its ability to
separate different species from complex chemical mixtures ¢, a few examples of which
are highlighted. HPLC has been used to study the generation of homogentisic acid (from
tyrosine and phenylalanine) and its excretion, auto-oxidation and self-polymerization to
form melanin for a variety of bacteria, including Bacillus thuringiensis **’, Burkholderia
cenocepacia %8, Escherichia coli 1*°, Shewanella algae °, Shewanella colwelliana 6%,
Vibrio cholerae ', Rubrivivax benzoatilyticus JA2 62, to name a few. Biosynthetic
pathways under various conditions (e.g. anaerobic/aerobic conditions) can be studied,

offering insight into the utilization of L-phenylalanine as source of nitrogen under
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anaerobic/aerobic conditions but not as a carbon source as reviewed %3, identification
of key metabolites (e.g. L-tyrosine, 4-hydroxyphenylpyruvic acid, homogentisic acid),
and enzyme activities leading to homogentisate accumulation and pyomelanin
production %2, HPLC has been used in the analysis of fungal melanin production by
studying fungal melanin intermediates and related metabolites 1%, In a fascinating
study, HPLC enabled the elucidation of the effect gamma radiation on the growth of
melanised fungi (Cryptococcus neoformans, Cryptococcus sphaerospermum and
Wangiella dermatitidis), demonstrating that they use the melanin they produce to
convert gamma radiation into chemical energy for growth (i.e. that the fungi are
radiotrophic, and grow faster when exposed to radiation; with clear potential for grey
biotechnology applications) %8 HPLC has been used as a semi-quantitative method of
HGA quantitation in the urine of patients with Alkaptonuria (AKU), offering
opportunities for its use as a quick diagnostic tool for AKU 1 the effects of
medications (e.g. antioxidants such as ascorbic acid) on AKU patients % for the
detection of persons heterozygous for deficiency of homogentisic acid oxidase (i.e. red
biotechnology) . HPLC has also been used to analyse melanin degradation products
from patients with melanoma °8 and oligomeric species (trichochromes) from hair (i.e.

red biotechnology) °°.

1.2.2 Gel Permeation Chromatography (GPC)

GPC (also known as Size Exclusion Chromatography SEC) is an analytical technique
that separates polymers by size (as a function of their elution from columns filled with
a porous gel) 11192 GPC has been shown to be particularly useful in the analysis of

high molecular weight melanins (and the conversion of the low molecular weight
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species to high molecular weight melanins), a few examples of which are highlighted.
From a fundamental science perspective, GPC has been used to study the oxidation of
monomers into melanins in the presence/absence of other species. GPC has been
employed in studies demonstrating that: the polymerisation of HGA to be enhanced at
higher pH 1°; the H,O, mediated oxidation of phenolics (e.g. L-DOPA) can yield light-
or dark-colored pigments depending on the oxidizing potential of the environment 1%
172 the presence of anionic polysaccharides during the polymerisation of catecholamine
precursors (including dopamine, epinephrine and norepinephrine) resulted in the
generation of larger melanin particles 3. With a view to more applied research, GPC
has been used to follow melanin production via a white biotechnology approach 174178,
employing mutant strains of Alcaligenes eutrophus to transform tyrosine into p-
hydroxyphenylacetic acid, which is then converted to HGA, which subsequently
polymerises to form pyomelanin 1. GPC has also been used to characterise processes
inhibiting melanogenesis in mouse melanoma cells in vitro and in brown guinea pigs in
vivo 18 and moreover, the eumelanin produced by fungi (Auricularia auricula) that
was subsequently used as a hepatoprotective antioxidant to treat mice with acute

alcoholic liver injury (i.e. red biotechnology) 8.

1.2.3 Mass Spectrometry (MS)

MS measures the mass-to-charge ratios of ionized species (molecules or fragments
thereof) which are correlated to their molecular weights via time of flight (TOF)
measurements 193-1%_ The most common ionisation methods are atmospheric pressure

chemical ionisation (APCI), chemical ionisation (CI), electron impact (El), electrospray
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ionisation (ESI), fast atom bombardment (FAB), field desorption / field ionisation
(FD/FI), matrix assisted laser desorption ionisation (MALDI) and thermospray
ionisation (TSP); and the optimal ionisation method is sample dependent. Various forms
of MS have been used for the analysis of melanins and their precursors, a few examples
of which are highlighted. In humans, urine of patients with alkaptonuria becomes dark
due to the oxidation of homogentisic acid (HGA) to benzoquinone acetic acid (BQA),
which is a common means of diagnosis and the reason it is often known as black urine
disease. A variety of different mass spectrometry techniques have been applied for the
analysis of HGA and oxidation products thereof in samples of patient’s bodily fluids
including EI-MS 8 gas chromatography coupled to MS (GC-MS) 18 184 [iquid
chromatography coupled to MS (LC/TOF-MS in ESI mode) ¥, which also enables
studies of the binding of HGA and BQA to amyloids 8, which can potentially offer
insight into the natural melanin formation process 1818 and give insight into potential
therapeutic opportunities for removing the damaging pigment in this condition. More
advanced MS setups have facilitated various studies, including LC—tandem mass
spectrometry (LC-MS/MS in ESI mode) to quantify tyrosine and HGA in clinical trial
samples to determine the efficacy and response to nitisinone in the treatment of AKU
189 'mixtures of homovanillic acid, vanillylmandelic acid, orotic acid and HGA %, LC-
QTOF-MS was used to evaluate the effect of nitisinone on the urinary metabolome of
patients and mice with AKU °1, and the products of polymerisation of tyrosine and
HGA have been studied by MALDI-TOF 7 192 all of which serve to highlight the
importance of MS techniques to study melanins for red biotechnology applications. An
elegant study demonstrated the use of TOF-secondary ion MS (TOF-SIMS) for MS
imaging of melanin-containing fossil samples %% 1% The presence of the 1,8-
dihydroxynaphthalene (DHN)-melanin (characterised by a variety of techniques
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including MALDI-TOF) produced by the fungal banana pathogen Mycosphaerella
fijiensis in banana leaves naturally infected with black Sigatoka disease was positively
correlated to the disease stage (i.e. green/yellow biotechnology). Importantly, it was
demonstrated that the melanin acted as a light-activated phytotoxin that functions by
the generation of singlet oxygen that damages the plant tissues #4, thereby highlighting

the importance of such natural melanins for both green and dark biotechnologies.

1.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy provides information about the chemical environments of spin
active nuclei in materials 1°" 1% The choice of solution state or solid state NMR
experiments is chosen based on the solubility of the melanins, with the possibility to
use solution state NMR for precursors of melanins % 1% melanin-metal ion
interactions 1%, or indeed soluble melanins produced by yeast (e.g. Yarrowia lipolytica
197 or human derived neuromelanin %1% whereas solid state NMR was necessary for
the melanins produced by bacteria (Rubrivivax benzoatilyticus JA2 %), yeast
(Cryptococcus neoformans 2%), cuttlefish (Sepia officinalis 1% 20%), human hair 2°%- 202
and moreover for samples derived from human alkaptonuric joint tissues where spectral
linewidths from strongly pigmented ochronotic tissue were considerably increased
relative to non-pigmented control indicating a marked increase in the level of molecular
disorder in the collagen supported by electron microscope images (i.e. red

biotechnology) 2%.
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1.2.,5 Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) spectroscopy
can be used to detect and identify free radicals and paramagnetic centres (e.g. organic
radicals, metals etc.) 1911 Melanins display paramagnetic character due to free
radicals in their structures (e.g. semiquinone free radicals) which absorb microwaves
under magnetic fields yielding spectra characteristic of the radical species present.
EPR/ESR spectroscopy is therefore a potent method of studying melanins, with reports
of its use for fundamental biochemistry studies (e.g. melanin type 202 204207 " effect of
pH 208210) * characterising melanins from different species including bacteria
(Rubrivivax benzoatilyticus JA2 2, Vibrio natriegens 2!, Streptomyces cyaneofuscatus
212) " yeast (Cryptococcus neoformans 2%%), mushrooms (Inonotus hispidus %), black
soldier flies (Hermetia illucens 24 215) squid (Loligo opalescens 2%), cuttlefish (Sepia
officinalis %) and cephalopod ink sacs from the Jurassic era 2!'. lonizing irradiation
changes the EPR/ESR signals of fungal melanins due to changes in the electronic
structure of the melanins, which informed a fascinating study of melanized fungal cells
(Wangiella  dermatitidis,  Cryptococcus  Neoformans and  Cladosporium
Sphaerospermum) which displayed increased growth relative to non-melanized cells
after exposure to ionizing radiation ®8, EPR/ESR can contribute to fundamental
neuroscience by enhancing our understanding of the role of melanin and iron in the
pathogenesis of oxidative damage in neuromelanin found in the substantia nigra 28, and
moreover photoaging of eyes (i.e. red biotechnology) ?** 22, EPR/ESR also have
significant potential for the analysis of hair and skin 22%2?!, as discussed as highlighted

in an excellent review 22,
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1.2.6 Infrared Spectroscopy (IR)

Infrered spectroscopy *> ¢ often Fourier transform infrared (FTIR) spectroscopy
relies on spectral differences for IR transmission (passing through samples), absorbance
or reflection, where these differences enable functional group identification based on
the energies of specific vibrational modes. FTIR is a very popular method of
characterising melanins due to its simplicity, availability and broad applicability, and
has been used to characterise synthetic melanins (formed with a variety of monomers
including dopamine 22224 5-S-cysteinyldopa 2%°, 1,8-dihydroxynaphthalene %2, and
homogentisic acid 22’; and optionally the presence of additives such as anionic
polysaccharides ™ to mimic the biological milieu) and natural melanins from bacteria
(e.g. Pseudomonas sp. 228, Pseudomonas stutzeri 22°, Streptomyces cyaneofuscatus 2*2),
fungi (e.g. Inonotus hispidus 2*3, Lasiodiplodia theobromae 2%, Yarrowia lipolytica 3%),
cuttlefish (Sepia officinalis % 232 23%) and humans (e.g. kidney and prostate stones 2,

Egyptian mummies from 1500 B.C. 2%).

1.2.7 Raman Spectroscopy

Raman spectroscopy 1% 118122 reljes on the inelastic scattering of monochromatic light
to study the vibrational/rotational modes of molecules, and is well suited to the
characterisation of a variety of biological materials 2%, Raman spectroscopy and
variants thereof have been used to analyse bond/chromophore connectivity in
eumelanin 2%, cuttlefish melanins used as pigments in works of art 2%, to quantify the
proportions of the constituent monomers (DHI and DHICA) in eumelanins in bird
feathers 2*°, and the molecular vibrations of pheomelanins in bird feathers have been

demonstrated to be associated with reactive oxygen species production in the
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mitochondria of melanocytes and systemic oxidative stress and damage, potentially
linking pheomelanin synthesis to human melanoma risk 24°. A combination of HPLC,
Raman and computational studies demonstrated that the vibrational properties of
melanins play a more significant role in the colour of bird feathers than concentration-
based effects 2*'; moreover, a combination of Raman data and computational data
demonstrate that the black colour of hairs and other parts of spiders is due to eumelanin,
rather than the previously suggested ommochrome Ommin A 242, thereby highlighting
the potential of gold biotechnology approaches for fundamental biological studies.
Raman spectroscopic analysis of the fungal melanins produced by Neocatenulostroma
genus sustained by the colonisation of gypsum in the Atacama desert (one of the driest
regions of earth) 243 highlights the importance of fundamental analytical studies of
melanins for both brown and grey biotechnologies. The presence of eumelanins and
pheomelanins in human skin offer a potentially useful clinical method for non-
invasively investigating the eyes 2% 2% or the skin 2. Indeed, the use of Raman
spectroscopy to identify melanin within cells or tissues 246-24° js becoming more routine
in biomedical fields as it is emerging that differences between normal and cancer cells
can be detected 2% and as a tool to predict cancer cells response to various therapies
250 potentially allowing patients to receive specific treatments more likely to work for
them as current treatment regimes are standardized with patients following on from one
failed therapy to another based on the therapies generalised success rate; thereby
highlighting the importance of fundamental analytical studies of melanins for red

biotechnologies.
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1.2.8 Ultraviolet-visible (UV-Vis) Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy '° (in either absorption or reflectance
modes) is routinely employed in the study of melanins (e.g. alkaptonuria-derived
pyomelanins) and is useful for fundamental biochemistry 170 172173, 2% " diagnostic
testing 17 185 255,26 and archaeology (e.g. Egyptian mummies 2%%). UV-Vis can be used
to follow melanin production by bacteria (e.g. Alcaligenes eutrophus 1’°, Pseudomonas
sp. 2%, Rubrivivax benzoatilyticus 12, Streptomyces cyaneofuscatus 2'?), and
mushrooms (Inonotus hispidus 2!3), which is potentially useful for the production of
melanins via a white biotechnology approach *1’®, The melanins produced by
Yarrowia lipolytica yeast sequester heavy metal ions due to the presence of the metal
chelating phenolics (L-tyrosine or L-DOPA) incorporated during its synthesis, enabling
the subsequent generation of metallic nanostructures, of which, silver nanostructures
were shown to displayed antifungal activity towards Aspergillus sp., offering potential

as antifungal additives in various materials 231,

1.2.9 X-ray Photoelectron Spectroscopy (XPS)

XPS involves irradiating samples with X-rays and measuring the kinetic energy and
number of electrons emitted, yielding spectra that offer insight into chemical
composition (formula) and the chemical/electronic state of the elements 19118 XPS has
been applied for a variety of different melanins and reasons, showing the presence of
eumelanin in cephalopod ink sacs from the Jurassic era (>160M years ago), highlighting
the potential for fundamental science offering information to archaeological studies 2’
and in combination with computational studies for technological applications 1*°. XPS

can be used to characterize and analyse the metal ion interactions with melanins, for
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example metal binding by melanins produced by Pseudomonas stutzeri 22°, highlighting
the potential of such natural melanins for environmental remediation and thereby both
blue and grey biotechnologies. XPS has been used to study the discoloration of a model
Rattan crop (Daemonorops margaritae) which is cultivated on a large scale in Southeast
Asia, however, discoloration diminishes its economic value, and this was shown to be
primarily due to the melanins produced by fungi that grow on the rattan (in this case by
XPS analysis of rattan inoculated with Lasiodiplodia theobromae) 2%, which is

important for green biotechnology supported economies.

1.2.10 Scattering and Diffraction

A variety of scattering and diffraction techniques enable elucidation of the crystallinity
and microstructure of materials 12613 a few examples of which will be highlighted.
Turbidimetry and nephelometry are routinely used to assess growth curves of
bacteria/yeast which are of potential importance for the production of melanins via a
white biotechnology approach 27261, Static light scattering (SLS) observes the average
scattering intensity of a solution/suspension over a period of time, whereas dynamic
light scattering (DLS) observes fluctuations of the scattered light over very short periods
of time, offering insights into molecular weights of polymers and particle sizes
(typically nanometer scale and upwards). Light scattering has been used to study
synthetic melanins (e.g. polydopamine 262 263) naturally occurring melanins in bacteria
(Vibrio natriegens 21%), yeast (Cryptococcus neoformans 2%), fungi (Aspergillus oryzae
264) ' mushrooms (Inonotus hispidus 2'3), cuttlefish (Sepia officinalis %%%), and can be
used to study the health of eyes for patients with various conditions (e.g. for patients

with pigmentary dispersion glaucoma 2%).
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X-ray diffraction (XRD) studies enable elucidation of the crystallinity of materials (e.g.
identification/quantitation of specific phases, and/or orientation) and is suited to well-
ordered crystalline materials. Melanins tend to be non-crystalline amorphous solids due
to the irregular nature of their monomer composition, consequently XRD patterns of
melanins are typically broad peaks that can be relatively uninformative, exemplified by
melanins produced by bacteria (e.g. Bacillus safensis 2%, Klebsiella sp. GSK 27,
Rubrivivax benzoatilyticus JA2 %2, Pseudomonas stutzeri %), yeast (Cryptococcus
neoformans, Aspergillus niger, Wangiella dermatitides and Coprinus comatus 2%9),
frogs (Rana esculenta L 27°), cuttlefish (Sepia officinalis ), and humans 272 273,

X-ray scattering studies enable elucidation of the crystallinity of materials (e.g.
identification/quantitation of specific phases, orientation of phases, and electron
density) and is suited to non-/semi-crystalline materials. X-ray scattering studies are
classified as either small angle X-ray scattering (SAXS) or wide angle X-ray scattering
(WAXS) depending on the distance from the sample to the detector (for WAXS the
sample to detector distance is shorter and therefore diffraction maxima at larger angles
are observed) 2’4, SAXS and WAXS offer insight into the assembly of the polymer
chains in a variety of melanins, which is useful from a fundamental perspective with
synthetic melanins, particularly when studying the melanin assembly process from
individual chains to stacks of the chains (3.4 A spacing), that assemble into 6- to 10-
nm-sized melanin protomolecules (interacting via solvophobic and hydrogen bonding
interactions) 2’5-2’7; or indeed, the potential role of metal ions on the assembly process
218 ' A combination of SAXS and WAXS (SWAXS) has also been used to interrogate
composites incorporating melanin and synthetic polymers 2, and SAXS has also been

used to study natural composites (hair) revealing subtle differences in the hair of
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humans without/with the pigmentation disorder Alopecia Aretea, with notably smaller
melanin particles in the hair of patients with Alopecia Aretea 2°. Small angle neutron
scattering (SANS) is complementary to SAXS because neutrons interact with atomic
nuclei, whereas X-rays interact with electron clouds, consequently neutrons penetrate
matter more deeply. SANS has been used to investigate synthetic melanins based on
tyrosine and the potential role of metal ions on the melanin assembly process 28, or DHI
281 and the potential role of biomolecules in the DHI-derived pigment assembly process

(i.e. red biotechnology) 2.

1.2.11 Thermal Characterization

A variety of calorimetric methods exist for monitoring heat flow to study molecules in
the solution and solid phase, thereby enabling elucidation of various processes 13614,
Isothermal microcalorimetry of solutions/suspensions of melanins has been used to
study synthetic melanin formation kinetics (e.g. tyrosine conversion to L-dopa then
melanin catalyzed by tyrosinase 283), and the interaction of melanins with biomolecules
(e.g. DNA 28%) or metal ions 2%. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) are popular methods of analysing polymer-based materials
in the solid state. TGA records differences in the mass of substances as a function of
temperature or time (highlighting processes including phase transitions, absorption,
desorption, chemisorptions, decomposition, etc.), whereas DSC examines how a
sample’s heat capacity (Cp) is changed by temperature (e.g. during transitions including
melting, glass transitions, phase changes, etc.), and such data can be correlated with
data obtained from scattering and diffraction experiments. The information obtained
from TGA and DSC offers insight into polymer processability and stability in various
environments which are important when incorporating them in materials for various
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applications. TGA has been used to study melanins produced by bacteria (e.g. Klebsiella
sp. GSK 267), fungi 2, garlic 27, cuttlefish (Sepia officinalis 2" 2%), banana peel and
bovine eyes 2%, and DSC has been used to study melanins produced by bacteria (e.g.
Pseudomonas sp. 2%%), fungi 2, and cuttlefish (Sepia officinalis 2°2). A study of healthy
or alkaptonuric cartilage tissues used TGA and DSC to demonstrate that the total water
content in healthy cartilage was higher than in AKU cartilage, that the percentage of
freezable water was higher in AKU compared to healthy cartilage, and accordingly,
non-freezable water was lower in AKU compared to the control; a significant difference
was observed in the heat capacity of samples, with healthy tissue showing capacity
value fivefold higher higher (owing to differences in water content after melanin
binding in the diseased state) . Together, the data suggests that the presence of
ochronosis affects the physicochemical, thermal and mechanical properties of the

cartilage which will affect cartilage degradation (i.e. red biotechnology) 2%.

1.2.12 Electrical Characterization

Electrical characterisation of melanins and materials containing melanins is useful in
light of their potential applications 14142, Studies of reduction/oxidation processes and
electron transfer using cyclic voltammetry are particularly useful for melanins, with
fundamental studies on melanins formed chemically from single monomers (e.g. L-
DOPA 2% dihydroxyindole (DHI) 2%, 3,4-dihydroxyphenylacetic acid 2%, HGA 297 2%,
1,8-dihydroxynaphthalene 22°), combinations of DHI and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) 2%°-31 and natural melanins from bacteria (e.g. Shewanella
oneidensis MR-1 1%, Pseudomonas aeruginosa 3%2), plants (including fungi: basidial

fungi 3%, Cryptococcus neoformans 3 and Nigella sativa 3%), cuttlefish (Sepia
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officinalis 3%°), and human hair-derived pheomelanins 3%, Electrochemical impedance
spectroscopy and dielectric spectroscopy enabled the rational investigation of the
protonic and electronic contributions, suggesting melanins are protonic conductors 307-
309 which is important because the electrical properties of melanins %315 underpin their
potential technical and medical applications 316318 and it is noteworthy that the potential

for melanins in electronics has seen an explosion of interest (see Figure 1.5).

Ll

Tixplon'ng the electrical properties of melanin
Electrical Application Era

1908 2018

Figure 1.5: A brief timeline of melanin-based electronics research. The black line represents the number of
publications with the keyword “melanin”” and key milestones in melanin-based electronics research. Reproduced
with permission 3°. Copyright 2018, Elsevier B. V

1.2.13 Visual and Microscopic Characterization

A variety of visual and microscopic techniques can be employed to study melanins and
materials containing melanins 43 144, Photography offers a simple method of capturing
evidence of color over a large scale (mm to km), consequently, photographs provide a
useful initial starting point in studies of phenomena, including architectural coloration

60, birds plumage *%°

, and medical case reports of gross anatomical observations of the
discoloration of tissues for patients with alkaptonuria or their production of darkly
colored urine 321325, However, photographs do not normally differentiate the source of

25



coloration (pigmentation, reflection, scattering, transmission, and/or interference
effects 320 326-328) motivating the application of high-resolution microscopy potentially
combined with another analytical technique (e.g. scanning electron microscopy and
energy dispersive X-ray spectroscopy). An exception to this utilises recent advances in
digital camera technologies (potentially with smart phones) that enable hyperspectral
imaging which facilitates characterisation of melanins 32°, and points towards some
potentially very exciting developments in affordable personalised medicine that are
aligned with the UN’s sustainable development goals (specifically goal 3, good health
and well-being, due to the prevalence of smart phones worldwide). Other techniques
that also exploit the visible portion of the electromagnetic spectrum include reflectance
colorimetry/spectrophotometry 330-333 diffuse reflectance spectroscopy 3** and emission
spectroscopy 33> 3% where melanin concentration on skin can be quantified via colour

systems such as RGB and CIELAB.

Histological studies of the microscopic anatomy of cells and tissues (of samples of in
vitro, ex vivo and in vivo studies) can be obtained using various forms of microscopy
(optical, electron, scanning probe, etc.). The use of microscopy and stains to enhance
pigmentation to the naked eye is important as clinically, in connective tissue disorders
such as AKU, by the time the deposition of melanin like polymers in tissues occurs and
is visible to the naked eye the structural and biochemical integrity of the tissue is gone.
Enhancing the pigmentation process through chemical reaction in vitro 3" 3% gives a
greater indication of the origin of the pigmentation processes both intracellularly and
extracellularly and represents the time at which most therapeutic interventions should
be targeted. A variety of techniques have been applied to analyse samples ex vivo

including: optical microscopy bone/cartilage of AKU patients 3% 34%: two photon
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microscopy has been used to examine melanin from cuttlefish (Sepia officinalis 34%);
two photon fluorescence TPF microscopy 2% has been used to study slices of healthy
and unhealthy tissues (cartilage) of humans with alkaptonuria, observing differences in
extracellular matrix density in cartilage with alkaptonuria compared with healthy
cartilage; fluorescence microscopy has been used to investigate the autofluorescence
properties of histologic sections of mouse eyes **2; apertureless scanning near-field
optical microscopy (capable of generating images with resolution better than the
diffraction limit 3*3) and confocal laser scanning microscopy data has been applied to
analyse the distribution of melanins within zebrafish retinal tissues 34,

Studies in vivo can employ optical coherence tomography (OCT) which uses low-
coherence light to capture micrometer-resolution images within optical scattering media
(and variations of OCT). It is possible to visualize melanin in skin ** and the retinal
pigment epithelium via photoacoustic tomography 34348 photothermal OCT 34, or
polarization sensitive OCT %352 if the concentration of melanin is sufficiently high,
and an elegant study utilized hyperspectral OCT 3% for the visualization of tissues
containing significantly lower concentrations of melanin **. It should be noted that
optical methods including OCT are prone to scattering by different colorant, material
compositions/structure thus leading to limited penetration depth (typically 100 um — 1
mm) 3535 The optical properties of the skin can also be quantified macroscopically
using spatial frequency domain spectroscopy (SFDS, which is based on diffuse optical
spectroscopy) in vivo. In SFDS, tissues are illuminated with structured projections from
a spatial light modulator, such as a digital micro-mirror device. By exploiting
appropriate models of light propagation over visible to near-infrared wavelengths, tissue
absorption and scattering coefficients and chromophore concentrations can be
determined in-vivo 3%7%° Furthermore, by combining it with techniques such as
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multiphoton microscopy, it is possible to obtain detailed microscopic structural
information at the cellular spatial resolution thus allowing the upper dermis to be
imaged. It can further provide quantitative information on the epidermis and dermis,
extending the penetration depth up to ca. 5 mm *7%°, Complementary computational
studies of light-tissue interaction have been wused to assess melanin
concentration/distributions in various organisms/tissues *%%7 and potentially adverse
effects of such irradiation 39371 offering insight into both fundamental and applied

biomedical studies (i.e. red biotechnology).

1.2.14 Scanning Electron Microscopy (SEM)

SEM uses a beam of electrons to illuminate samples and creates images from
measurements of electrons that are reflected or back scattered off the surface of the
sample, enabling analysis of particle size distributions and elemental compositions
when used in combination with energy dispersive X-ray spectroscopy (EDX/EDS) 4%
145,146 SEM and optionally EDX/EDS has been applied to study synthetic melanins 2
226 and melanins produced by a variety of species, including: bacteria (Pseudomonas
sp. 228 Pseudomonas stutzeri 22°, Rubrivivax benzoatilyticus %%); yeast (Yarrowia
lipolytica 23%); fungi (Aspergillus fumigatus "2, Inonotus hispidus 23, Mycosphaerella
fijiensis *, Armillaria cepistipes 2°); cuttlefish (Sepia officinalis 373); zebrafish 7,
melanosomes isolated from human hair 28% 37) and from bovine/fish eyes 3 377; the
cartilage of AKU patients 2%3 339341 ‘and neuromelanin in the subtantia nigra of human
brain tissue *’8; typically observing nanometer scale particles that have aggregated to

form larger particles with sizes between tens to hundreds of micrometers.
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SEMs equipped with EDX/EDS has been used to quantify the elemental composition
of various melanins/materials including: C and S in fossils 3’; C, Ca, Cu and O in
melanins produced by bacteria (e.g. Pseudomonas sp. 28, Myxococcus xanthus and
Sinorhizobium meliloti 3”°); C, K, N, Na, O, S in melanins produced by various strains
of fungi % ;C, Ca, Cl, K, Mg, N, Na, O and S in melanins produced by cuttlefish (Sepia
officinalis °%); C, Cu, Fe, N, Na, O, S and Zn in melanins sourced from human hair 28
375,380 ‘and healthy/diseased tissues (including aortic valves, bones, brain and cartilage

containing C, O, N, S, Na, and Ca 378 381-383),

1.2.15 Transmission Electron Microscopy (TEM)

TEM uses a beam of electrons to illuminate samples and creates images from
measurements of electrons that pass through very thin specimens (and contrast in
images caused by differences in electron densities within different regions of the
samples) 140 145146 TEM has been used to examine melanins and materials containing
melanins from a variety of sources including: synthetic melanins (based on
DHICA/DHI 3 L-DOPA %, 1,8-dihydroxynaphthalene ?2°); bacteria (Pseudomonas
maltophilia 24, Pseudomonas stutzeri 22°, Vibrio natriegens 2), yeast (Cryptococcus
neoformans 2%°), fungi (Aspergillus fumigatus *2, Gaeumannomyces graminis var.
graminis %), human bone osteosarcoma cell lines in vitro **" and human tissues ex vivo
(e.g. aortic valves %8, bone 382 386 cartilage 2°*%87); and TEM equipped with EDX/EDS
has been used to quantify the elemental composition of Al, C, Ca, Cl, Cu, Fe, O, P, Si

and Zn in human melanosomes in the eye ex vivo 3,
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1.2.16 Scanning Probe Microscopy (SPM)

SPM uses various probes to analyse the surface of samples enabling examination of a
multitude of properties 147148, The simplest form of SPM is contact profilometry that
has been used to analyse the nanometer scale features of films of synthetic melanins
(e.g. based on DHI ¥ and other monomers % %) Scanning 30 haraonic 30
microscopy (STM) is a form of scanning probe microscopy 3%? capable of generating
high resolution images (down to the A scale) based on quantum 30haraonic30 of
electrons between the surface and the STM tip. STM has been employed to analyse
synthetic melanins (e.g. based on tyrosine 393-3% DH| 311.3%.397 DHICA 310 DHI and
DHICA 312) and cuttlefish melanins (Sepia officinalis 3% %), often in combination
with computational studies.

Atomic force microscopy (AFM) 4% is a form of scanning probe microscopy capable of
generating high resolution images (down to the A scale) using tips with various
functionalities. AFM studies typically show melanin particle aggregates (ca. 100-200
nm) of smaller particles (ca. 1-10 nm) that either assemble into larger particles in natural
samples, or are deposited as thin films on substrates for more applied studies. AFM has
been used to analyse melanins from a variety of sources including: synthetic melanins
(e.g. based on L-DOPA 401405 pH| 224 406 DHICA 47, DHI and DHICA %,
dihydroxynaphthalene (DHN “%)); Nigella sativa *°°; fungi (Aspergillus fumigatus *72);
cuttlefish (Sepia officinalis 3% 4% 411) " various other cephalopods species (Sepia
esculenta, Sepia 30haraon, Sepia 30haraonic, Sepiella japonica, Euprymna berryi, and
Uroteuthis (Photololigo) edulis #*?); feathers of black fish crows (Corvus ossifragus)
and iridescent wild turkeys (Melleagris gallopavo) !, black human hair ', human

neuromelanin %78, and human eye melanosomes 2'° 413, Such studies have also enabled
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the elucidation of features such as the shape and size of melanosomes (e.g. in black hair
are ellipsoidal eumelanosomes, whereas those in red hair are mainly spherical
pheomelanosomes ##), and the presence of cosmetic residues on the surface of hair 4°,
Force-indentation measurements have revealed different mechanical properties of
retinal pigment epithelium melanosomes isolated from human donors that may be
related to the presence of thin deposits of lipofuscin on the surface of the melanosomes
416 electrostatic force microscopy and conductive-AFM were used to spatially resolve
the electrical properties of synthetic melanins (e.g. based on L-DOPA 408417y ‘cuttlefish
(Sepia officinalis 3*°) and magnetic force microscopy has been used to examine the

magnetic properties of melanin-FezO4 nanoparticles 3%

1.3 Mechanism of polymerization to form HGA

It is worth noting that the mechanism of pyomelanin formation is similar to other
melanins, with an enzymatically-controlled phase (the enzyme is commonly a
phenolase, see also an excellent review of C-C bond formation by enzymatic oxidation
from Guengerich and Yoshimoto #® followed by a second phase where the oxidized
intermediates polymerise in an uncontrolled fashion % 4*°. Homogentisic acid (HGA) is
an Intermediary product in the metabolism of the amino acids, phenylalanine and
tyrosine "3, Deficiency of the enzyme homogentisic acid oxidase (HGO) due to an
“inherited error of metabolism” has been found in Alkaptonuria patients from birth 42,
This situation leads to excess HGA™ %20 which is auto-oxidized to form pyomelanin
(urine) ™ and polymerized (body)*® 42! forming a blackish coloured melanin-like
pigment®’ of connective tissues such as cartilage, skin, and tendon. The distribution and

affinity of HGA for such tissues, numerous chemical reactions and the formation of
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intermediate metabolites are among the biochemical mechanism and reactions leading

to pigmented polymer %%, Alkaptonuria (AKU) has been linked with terms such as black

bone disease and ochronosis (yellow colouration), implying a process with varied

effects unlike normal pigmentation®’. However, AKU pigment is still poorly studied,

with over 40-year-old knowledge needing updating as pigmentation is considered as the

basis for morbidity of the condition. Zannoni et al. (1969) implied that HGA polyphenol

oxidase (HGAPQ) contained in connective tissues can catalyze the oxidation and

polymerization of HGA to“"ochronotic-lik™" pigment (Figure 1.6). This followed their

earlier postulation of benzoquinoneacetic acid (BQA), a substrate of HGAPO as a

probable intermediate in the biochemical pathway for the pigment formation.
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Figure 1.6: A postulated scheme for the formation of ochronotic pigment in alkaptonuria. (Reproduced with

permission Copyright © 1969 Published by Elsevier B.V.)
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Homaogentisic acid is a phenolic acid and Ghoul and Chebil (2012) described oxido-
reductive enzymes as having the ability to transform phenols into polymer products via
oxidative coupling reactions by self-coupling or cross-coupling with other molecules.
The authors further described a four-step oxidative polymerization of phenols as
fundamentally a polycondensation reaction 4?2, Many natural polymers including
mammalian pigments result from oxidative coupling’®. Such coupling reactions usually
give a complex mix of products including dimers, oligomers and sometimes
polymers™. The four steps are: the formation of phenoxy radicals; the phenoxy radicals
forming dimers by recombination; a probable electron-transfer reaction leading to the
formation of oligomer radicals; and the formation of higher molecular weight oligomers

by recombination.

1.4 Conclusion

As highlighted throughout the chapter, melanins are a class of biopolymers with diverse
origins, chemical compositions and functions that are widespread in nature. Their
abundance, chemical/electrical/optical/paramagnetic properties offer them significant
potential for application in materials science and engineering for a multitude of
technical and biomedical applications. This chapter offers an overview of the analytical
techniques commonly used to study melanins from various sources including
agriculture, fermentation, insects, marine sources, etc. which potentially involve a
spectrum of biotechnologies (blue, brown, grey, green, white or yellow). The analytical
techniques can be used in a variety of disciplinary contexts for multidisciplinary,

interdisciplinary and transdisciplinary research and development, recognizing that
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melanins have significant potential for use as sustainable resources for advanced

biotechnologicl applications (e.g. red biotechnology, biomedical applications).

1.5 Aim and objectives

Melanins are an important class of biopolymers that are widespread in nature and have
diverse origins, chemical compositions and functions in nature. Their chemical,
electrical, optical and paramagnetic properties make them interesting for application in
materials science for a range of medical and technical applications. Alkaptonuria is a
rare metabolic disorder that results in the accumulation of homogentisic acid (HGA) in
the body which results in dark urine and/or blue/black discoloration of bodily tissues
due to the formation of pyomelanin (a complex polymer mostly constituted of

polymerised HGA).

The aim of this study to investigate pyomelanin formation/deposition using a variety of
analytical techniques which may enhance our understanding of the deposition of

pyomelanin in vivo.

Obijective 1) Review the literature describing the application of analytical techniques to

study melanins.

Objective 2) Analysis of the polymerisation of homogentisic acid (HGA) in vitro.
Understand if the if the (bio)chemical environment (e.g., pH and enzymes) plays a role
in the polymerisation of HGA, as this will play a role in where AKU deposits are formed
in the body (e.g. answering the question “Is one enzyme better at polymerizing HGA?”,

“Does pH affect the ability of the enzyme to polymerise the HGA?”) — see chapter 3.
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Objective 3) Analysis of the polymerisation of similar phenols (catechol and levodopa)
in vitro. Understand if the (bio)chemical environment (e.g., monomers available) plays

a role in the structure of the melanins formed, and their properties — see chapter 4.

Objective 4) Analysis of the polymerisation of HGA in the presence of components of
the extracellular matrix (ECM) in vitro. Understand if the (bio)chemical environment
(e.g., ECM available — exemplified with chondroitin sulfate A and C) may play a role

in the structure of the melanins formed, and their properties — see chapter 5.

Objective 5) Analysis of the polymerisation of HGA in the presence of cells in vitro.
Understand if the (bio)chemical environment (e.g., cells, exemplified with a turkey
tendon model) may play a role in the structure of the melanins formed, and their

properties — see chapter 6.
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2 Experimental Technique Chapter

Overview

In this chapter, the techniques used to characterize the materials in Chapters 3, 4, 5 and
6 are discussed. The techniques applied to study the melanins in this study include IR,
UV-VIS and NMR which are used to provide information about the molecular structure
and properties of the materials analysed (vibrations of functional groups, electronic
structure and organisation of atoms within the molecule, respectively). Scanning
electron microscopy and energy dispersive X-ray spectroscopy (SEM/EDX) and
transmission electron microscopy (TEM) were used to gain an insight into the
morphology, particle size, form, and elemental composition of these materials.
Electrochemical studies such as cyclic voltammetry, conductive probe atomic force
microscopy (C-AFM) and scanning electrochemical microscopy (SECM) were
employed to investigate reduction/oxidation processes and the conductivity of the

materials.

2.1 Instrumental techniques for pyomelanin analysis

2.1.1 UV-Vis Spectroscopy

Theory: Ultraviolet—visible spectroscopy or ultraviolet— visible spectrophotometry
(UV—-Vis or UV/Vis) concerns the absorption spectroscopy or reflectance spectroscopy
in a section of the ultraviolet (between 190-380 nm) and the whole, adjacent visible

(between 380-750 nm) spectral regions. The technique measures the absorption of light
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across these spectral wavelengths through a liquid containing a sample. Some molecules
can absorb wavelengths of UV-Vis light, and the functional group is known as a
chromophore. Generally, the higher the amount of UV-Vis chromophore detected, the
higher the concentration of that compound. Ultraviolet and visible radiation interacts
with matter which causes electronic transitions from the ground state to a higher energy
state. In either absorption or reflectance mode, UV-Vis spectroscopy has been routinely
employed in the study of melanin (e.g., assessing bond conjugation and connectivity)*?,
The absorption of spectra produced from samples at given wavelengths can be directly
related to the sample concentration using the Beer Lambert law #?* which is the
underlying principle of UV-Vis spectroscopy. A steady light source is necessary when
using this method that can emit light over a range of wavelengths. Quartz sample
holders are essential for UV investigation due to their transparency to most of UV light
normal glass, plastics and solvent can act as a filter and absorb UV light 4%, There has
been a significant increase in the number of publications reporting measurable tissue
spectroscopy data in the UV-Vis wavelength range*?® as the method is commonly used
for the measurement of chemical compounds “?’. UV-Vis is a cheap, easy, and non-

destructive technique which allows sample recovery.

Practice: Spectra were recorded in UV Quartz cuvettes (Standard Cell with PTFE
Stopper, manufactured in UV Quartz (195 nmto 2.5um); path length = 10
mm, inside width = 10 mm, volume = 3.5 mL); on an Agilent Technologies Cary 60

UV-vis supplied by Thermo Fisher Scientific in Heysham, UK.

2.1.2 Fourier-transform Infrared (FTIR) Spectroscopy

Theory: Fourier transform infrared (FTIR) spectroscopy employs a mathematical
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process (Fourier transform) to interpret the raw data (interferogram) into the real
spectrum 428 42% which is recorded between 4000 and 400 cm™! 4%, The technique which
has been accessible to researchers since the 1970s uses the complete source spectrum
in contrast to the individual wavelengths produced by grating and/or prism systems
employed in conventional IR spectroscopy “¥' . Fourier transform infrared
spectrometers offer accuracy, sensitivity, and speed, previously unattainable with
wavelength dispersive spectrometers as the spectrum of a Fourier transform
spectrometer can be produced in a shorter time than that given by a conventional
spectrometer 432, Generally, FTIR is used to examine the functional group present in the
given compound “*. The method comprises the absorption, emission, reflection, or
photoacoustic spectrum attained by Fourier transform of an optical interferogram 3
and has been employed as the major technique for determining the infrared (IR)
absorption and emission spectra of most materials “3*. The concurrent analysis of
numerous frequency components in a single operation is the underlying strength of
FTIR spectroscopy. The major benefits of the FTIR method and dispersive spectroscopy
techniques is that nearly all compounds display distinctive absorption/emission,
consequently, they can be analysed both qualitatively and quantitatively 4%. Variations
in the distinctive pattern of absorption bands clearly show a modification in the material
composition. The technique is useful in characterizing and identifying unknown
materials, detecting contaminants in a material, discovering additives, and identifying
decomposition and oxidation “*®, The conventional IR spectrometers are not very useful
for far IR region from 20-400 cm %¥2 due to the weak sources and lower detector
sensitivity “%2. Fourier transform infrared spectroscopy is a non-destructive and rapid

method requiring minimum sample preparation. 4%
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Practice: All spectra were recorded using an Agilent Technologies Cary 630 FTIR
instrument (Agilent Technologies Ltd., Cheadle, UK) at a resolution of 1 cm™! and was

an average of 16 scans.

2.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

Theory: Nuclear magnetic resonance (NMR) spectroscopy is a non-destructive and non-
invasive analytical chemistry method “3” employed in quality control and research for
determining the molecular structure as well as the content and purity of a sample 8,
The technique “uses radiofrequency waves to reveal information about magnetic
nuclei” #*°, The magnetic field generates an energy transfer from lower to higher energy
levels which matches with a signal that is detected as the corresponding nucleus’s NMR
spectrum #4°, Based on the accessibility of versatile measurement and analysis schemes
and the detailed understanding of the underlying spin physics, the method has had an
important impact on an extensive range of disciplines including condensed matter
physics, medicine, most branches of chemistry, and structural biology over the past
decades **!. Nuclear magnetic resonance spectroscopy can quantitatively determine
molecular parameters such as atomic ratios, chemical shifts, coupling constants, and
spin multiplicity that can be used to elucidate the structure of known compounds, as
well as an unknown structure 442, Bothwell and Griffin #*° reported that NMR varies
from other methods of spectroscopy in three significant ways: first, the technique
considers how the nuclei of a precise, user-chosen, chemical element are spread
amongst the molecules of a sample, giving NMR a wider range of targets than most
other spectroscopic methods; second, the signals generated by NMR are sensitive to the
local environment of the nuclei under scrutiny, providing a means for probing the

chemical and physical surrounding of an atom and which can reveal more information
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about a given sample than most spectroscopic methods; third, NMR is less damaging

and more highly penetrating than other forms of spectroscopy.

Practice: 'H NMR (400 MHz) spectra were recorded using a Bruker AVANCE III 400
NMR spectrometer using residual solvent as internal standards in deuterated solvents

(D20) *4. Chemical shift (5) values were recorded in parts per million (ppm)*44,

2.1.4 Solid State NMR (ssNMR)

Theory: Solid state nuclear magnetic resonance (sSNMR) spectroscopy is a vital
analytical tool which is employed to determine the chemical composition, dynamic
properties, and local structure of solids %4> 44 and semi-solids . It is an atomic-level
method %4 as well as a very specialized area of spectroscopy *’ employed in biology,
chemistry, materials science and physics to examine numerous material systems
including biomolecules, glasses as well as other amorphous and disordered solids,
organic and inorganic crystals, and polymers, impacting research'®. It is a powerful
probe of the molecular-level electronic, geometric, and magnetic setting around a target
nucleus **, needing the employment of special methods to overcome basic issues in the
analysis of solid samples 4" %49, The oscillatory response of nuclei having non-zero
spins in a magnetic field to resonant excitation by radiofrequency (RF) irradiation
defines NMR %4, The Zeeman interaction between such external magnetic fields and
the nuclear spins is the fundamental principle of sSNMR, thus enabling the detection of
most of the periodic table elements as they have at least one isotope with non-zero
nuclear spin “°. Cross polarisation (CP) and magic-angle spinning (MAS) are employed

to decrease or remove the line broadening observed in sSNMR to enable the attainment
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of high-resolution NMR spectra from solid state samples 4. The major disadvantages
of ssSNMR are its complexity (often with experimental methods and data analysis), long
experimental times, and high cost 1. In addition, a strong user expertise is needed as
the technique is non-routinary, and the experimental protocol and data analysis to be
used often have to be developed on a case-by-case basis *°. Regardless, SSNMR is a
very flexible and non-destructive method, allowing the attainment of dynamic and
structural data on wide space and time ranges “°1. The technique also has the possibility
to examine complex heterogeneous systems at the maximum probable resolution in a

comprehensive way “°2. However, it lacks resolution compared to solution NMR 43,

Practice: A Bruker AVANCE Il HD 700 WB was used to record *3C NMR spectra

via crosspolarization/magic angle spinning. Chemical shift () values were recorded in

parts per million (ppm).

2.1.5 X-ray Photoelectron Spectroscopy (XPS)

Theory: X-ray photoelectron spectroscopy (XPS) or electron spectroscopy is the study
of the distribution of energy of the electrons released from X-ray illuminated
compounds “**. The kinetic energy of emitted electrons is determined when x-rays
bombard the material surface 4°°. Generally, XPS probes to a depth of 10 nm, but the
sample must be evacuated prior to analysis **® due to the technique being carried out
usually under ultra-high vacuum which may not reflect the real condition of elements
457 X-ray photoelectron spectroscopy is generally used to examine the chemical
composition at the surfaces of solids in analytical laboratories “°8. By determining the
binding energies of the core electrons of molecular systems, XPS has also been used
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successfully to study the structure of molecules %2> %°, The capacity of the method to
assign chemical states to the detected atoms upon exploration of the first few atomic
layers has shown XPS to be a powerful tool for chemical analysis. Quantification using
the technique is based on Einstein’s assumption based on the photoelectric effect in
1905 that the energy needed to remove the electron from the material was subtracted
from the energy of the incident photon to give the kinetic energy of the ejected electron
460 All electrons including those at the core and the valence levels can be examined in
principle and in this regard, XPS is different from ultraviolet photoelectron
spectroscopy in which only the valence electrons can be investigated >4, The two main
features of this method that makes it powerful as an analytical technique are its capacity
to reveal information on the chemical state from the elements in the sample and its

surface sensitivity °. Excluding helium and hydrogen, all elements can be detected.

Practice: A Kratos Analytical Axis Supra X-ray photoelectron spectrometer with a
monochromatic Al Kasource (1.487keV) was used to analyse surface chemical
composition. 41 462 Powdered samples were mounted using carbon tape in a well-
shaped holder. An internal flood gun was applied for neutralizing charging effects.
Wide-scan and core-line spectra were recorded at pass energies of 160 and 20 eV and
step sizes of 1 and 0.1 eV, respectively. Samples were measured in triplicate at an
emission angle of 0° (relative to the surface normal), a power of 225 W (15kV x
15 mA), and an analysis area of 700 x 300 um. Data were quantified and processed by
CasaXPS (ver.2.3.23PR 1.0, Casa Software Ltd.) using linear baseline correction. All
spectra were adjusted for charge compensation effects by offsetting the binding energy

relative to the C-C component of the C 1s spectrum at 285.0 ¢V.
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2.1.6 Size Exclusion Chromatography (SEC)

Theory: Size exclusion chromatography (SEC) is a separation method controlled by
entropy in which molecules are separated based on size or hydrodynamic molecular
volume %3, The technique comprises gel filtration chromatography (GFC) or gel
filtration which is the chromatographic separation of biological macromolecules
(biopolymers) with the employment of firm inorganic packing particles or porous gels,
while gel permeation chromatography (GPC) is an analogous procedure of separation
for synthetic macromolecules “%4. Generally, SEC is a liquid column chromatographic
technique in which a sample solution is passed through a column filled with porous
packing and is moved along the column by aqueous solvent if GFC or organic solvent
if GPC 4%, With suitable column calibration or using molecular-weight-sensitive
detectors like mass spectrometry, or light scattering, the averages of the statistical
molecular weight, and the molecular weight distribution can be readily attained 453,
Thus, SEC is the foremost efficient, and fastest method for determining these
characteristics of biopolymers and synthetic polymers 4. The separation of ions and
small molecules from large molecules, obtaining natural allergens as well as the
determination of the molecular masses and/or molecular mass distributions and sizes
for macromolecules of natural and synthetic origins are included amongst the major
functions of SEC “7. Size separation is preferably attained by differential pore
permeation. The pore volume, which is effectively accessible, is less for a large
molecule than for a small one, thus rendering larger molecules to be eluted from the
column earlier with cognizance of their shorter retention times in the pores of the
packing than smaller ones “%4. Size exclusion chromatography technique is easy to
operate, fast and relatively cheap “%®. However, its major limitation is that it is poorly

reproducible regarding molar mass analysis because of challenges in obtaining a pure
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size-exclusion separation for numerous reasons such as concentration effects,

preferential interactions, and secondary exclusion “°.

Practice: Aqueous SEC was measured on a Jasco system equipped with a DG-2080-53
degasser, PU-980 pump, and an RI-2031 Plus refractive index detector (Jasco
Deutschland Labor-und Datentechnik GmbH, Grof3-Umstadt, Germany) with
0.1 m NazHPO4/0.05% NaNs pH 9 as an eluent and at a flow rate of 1 mL min ' on a
column set of PSS SUPREMA 1000 and 30 A (10 pm) at 30 °C (PSS, Mainz, Germany).

Polyethyleneoxide (PEO) was used for calibration.

2.1.7 Dynamic Light Scattering (DLS)

Theory: Measurement of light scattering from matter is a useful method with
applications in various scientific disciplines where, depending on the detector and
source of light, certain properties of molecules can be investigated #6°. Dynamic light
scattering (DLS), otherwise referred to as photon correlation spectroscopy (PCS) or
quasi-elastic light scattering, is a very powerful method for examining a wide range of
phenomena including the dynamic conduct of fluids near critical points, laminar flows
470 “and the diffusion characteristics of macromolecules in solution “°. The diffusion
coefficient and the hydrodynamic radii determined from it depend on the shape and size
of macromolecules. The technique determines the time-dependent fluctuations in the
scattering intensity resulting from particles undergoing random Brownian motion *72.
There exists a correlation between the Brownian motion of particles and their
hydrodynamic diameter %% as such motion of macromolecules is dependent on their

size, temperature, and solvent viscosity. Thus, information on the precise temperature
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is vital for DLS determinations since the solvent viscosity is dependent on the
temperature %%, DLS measurements employ a helium—neon laser as a light source using
scattering right angle of 90 degrees or back angle of 173 degrees as the detector position
to incident light 42, Data obtained by DLS are generally confirmed by another size
characterisation method such as transmission electron microscopy (TEM), where you
would expect to observe differences in sample sizes because DLS samples are solvated
whereas TEM samples are analysed under vacuum #’2, DLS is a fast, non-invasive, and

sensitive technique which can be used under an extensive variety of solvent conditions

473

Practice: DLS measurements were performed using an ALV laser CGS3 Goniometer
equipped with a 633 nm HeNe laser (ALV GmbH, Langen, Germany) at 25 °C and at a
detection angle of 90°. The CONTIN analysis of the obtained correlation functions was

performed using the ALV 7002 FAST Correlator Software.

2.1.8 Scanning Electron Microscopy (SEM)

Theory: Scanning electron microscopy (SEM) is a broadly used and versatile surface
analytical method*’* as it enables the investigation of the chemical composition, crystal
structure, electrical behaviour (surface charging), and surface topography of
approximately the top 1 um of numerous materials in modern science due to its better
resolution, ease of sample observation, greater depth of focus, and higher magnification
over optical microscopy #’°. Sample preparation time is very short using SEM method
compared to transmission electron microscopy *” and its analysis is quite easy as most
samples only need to be conductive *’®. However, a gold coating is essential for

characterizing non-conductive biomolecules due to the absence of enough signals for
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clear imaging “*3. A beam of electrons is aimed onto the specimen which interacts with
the atoms of the sample to release low-energy secondary electrons from the surface
which are important for imaging and thus the morphology of the sample with the SEM
approach*’’. Scanning electron microscopy is a cheap, easy to use, non-destructive, and
rapid approach to surface analysis, and is applied extensively in various fields including

biology, chemistry, and geology *™.

Practice: Prior to imaging, the samples were sputter-coated with a 10 nm layer of gold.
The structures were observed using either a JEOL JSM—6390L V operating at 15kV or
a JEOL JSM 7800F scanning electron microscope (JEOL, Welwyn Garden City, UK)

operating at 10-15kV.

2.1.9 Energy Dispersive X-ray (EDX) Spectroscopy

Theory: Energy dispersive X-ray spectroscopy (EDX), also known as energy-dispersive
X-ray analysis or energy-dispersive X-ray microanalysis 4’® is a standard method
suitable for characterizing and quantifying elemental compositions in a material 47°.
Together with electron energy-loss spectroscopy (EELS), which determines the Kinetic
energy variation of incident electrons after inelastic interactions with a sample, EDX
which detects the signature X-ray signals produced in a sample constitute the two major
spectroscopic methods of analytical electron microscopy (AEM) “%. Both EDX and
EELS have the capacity for elemental identification of elements comprising atoms with
prominent spectral structures “81, The EDX analysis can be employed to measure the
elemental composition of separate points or to map out the lateral dispersion of elements

from the imaged region “®2. Thus, EDX can be employed for qualitative analysis as
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described and quantitative analysis in which the relative abundance of the identified
elements are evaluated 83, In quantitative analysis, a specific element’s concentration
in a sample is determined by the peak intensities. By determining the energies of the
emitted X-rays from the area being excited by an electron beam in qualitative analysis,
the elements contained in the sample can be determined “ as the energies and
intensities are correlated to the atomic number of the emitting element “¢°. Energy
dispersive x-ray spectroscopy is a non-destructive and relatively simple method 4%
usually employed as a hyphenated system with transmission electron microscopy
(TEM), scanning electron microscopy (SEM) or scanning transmission electron

microscopy (STEM) %82,

Practice: For qualitative EDX analysis, the samples were sputter-coated with a layer of
gold (60s, 20 mA, 8 x 1072 mBar, =5 nm) using a Quorum Q150RES sputter coater
(Quorum Technologies Ltd.) and then investigated using a field-emission SEM JEOL
JSM 7800F with an EDX system (X-Max50, Oxford Instruments, Abingdon, UK) at
10 mm working distance and 10kV voltage mounted on a brass JEOL holder with
25 mm carbon tables (G3348N, Agar Scientific, Stansted, UK). Three measurements

were performed per sample and average results were presented.

2.1.10 Transmission Electron Microscopy (TEM)

Theory: Transmission electron microscopy (TEM) is a quantitative technique used to
determine the distribution, shape, and size of a sample “®¢. The method has developed
as a foundation of characterisation in chemistry, materials science, medicine, and
physics since its inception about 100 years ago “%”. Although it functions on a different

principle than scanning electronic microscopy (SEM), it can give similar information
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488 as for example, TEM can also be used for a greater resolution (0.0001 pm),

approximately one to two orders of magnitude higher than SEM “%, Transmission
electron microscopy can be operated at diverse electron energies like 100 keV which is
frequently used for conventional TEM and 1 MeV for high-resolution imaging **°. Thus,
the method, with its analytical capabilities and numerous imaging modes serves as an
essential tool for chemical and structural characterisation even at the nanoscale for all
sample types “°1. Limitations of conventional TEM techniques include complex and
time-consuming sample preparation process, inability to visualize living specimens,

presenting two-dimensional images “%? , and a need for high vacuum #8¢.

Practice: For TEM analysis copper grids were rendered hydrophilic by Ar plasma
cleaning for 30 s (Diener Electronics). 10 pL of the respective sample solution were
applied to the grid and excess sample was blotted with a filter paper. TEM images were
acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS CCD and

a 1k x 1k Olympus MegaView camera for overview images.

2.1.11 Electron Paramagnetic Resonance (EPR) Spectroscopy

Theory: Electron paramagnetic resonance (EPR) spectroscopy, otherwise known as
electron spin resonance (ESR), and infrequently electron magnetic resonance (EMR) is
used for the detection of paramagnetic species which includes any atom, complex, or
molecule having at least one unpaired electron **3. The fundamental concepts of the
method are like those of nuclear magnetic resonance (NMR) spectroscopy, but it is the
electron spins and not those of the atomic nuclei that are excited °*. However, NMR is

less sensitive and restricted to the radio frequency range with its experiments carried
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out at higher temperature %, and generally for diamagnetic species “%. The technique
is based on the resonant absorption of microwave radiation by paramagnetic species
when positioned in a strong magnetic field “*®. With cognizance that an electron can
occur in two spin states of unequal energies in the presence of a magnetic field, shifts
between these states can be induced by the absorption of electromagnetic radiation
having equal energy to their energy variance, which can be found in the microwave
region of the electromagnetic spectrum “°’. The technique allows the examination of
species even in micromolar or lower concentrations due its high sensitivity °® and can
also characterize structural features within 0.5 to 5 nm range in systems deficient of
long-range order “°. Thus, EPR offers good structural contrast even in complex
materials. The method is precise, non-destructive, non-invasive, and very sensitive
analytical method °%° which is frequently limited by instrument availability >°*,

Practice: Room-temperature EPR spectra of polyHGA powders were recorded at X-
band on a JEOL X320 spectrometer using 0.1 mW microwave power and
1 G modulation width (100 kHz modulation frequency). The g values were determined

by using a Mn?* marker.

2.1.12 Cyclic Voltammetry (CV)

Theory: Cyclic voltammetry (CV) is widely employed in electroanalytical chemistry to
measure redox properties of molecules in solution °%2. Even though the approach is one
of the more complex electrochemical methods, CV is very regularly used due to its
provision of a wealth of experimental data and insights into both the kinetic and
thermodynamic specifics of numerous chemical systems °%3, The kinetic details which
are usually offered in combination with simulation software will normally include

varying the scan rate and other settings as well as studying how distinctive features such
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as the peak currents and peak potentials alter because of these variations °**. Analytical
measurement with CV is usually carried out in an electrochemical cell comprising a
working electrode, counter electrode, and reference electrode with a liquid solution or
solid membrane as the electrolyte in the cell °®. The potential of the working electrode
in the system being investigated is determined with respect to the reference electrode,
while the potential is scanned back and forth between predefined lower and upper limits,
and the current passing between the working electrode and the counter electrode being
recorded at the same time %, The downward peak indicates the reduction of the active
species in the solution, and the upward peak indicates the species' oxidation °%. The
resulting voltammogram of the CV approach relays data as a function of an energy scan
just like with the conventional spectrum °%, with the information provided being plotted
as current (A) versus potential (V) °% or current (A) (vertical axis) versus potential (V)
or time () as the potential varies linearly with time °°’. The potential variation is known
as the scan rate or sweep rate (v), while the range of the working potential is referred to

as the operating potential or potential window %%,

Practice: Voltammetry was carried out using an EmStat 3+ potentiostat with PSTrace
4.7 software (PalmSens Houten, Netherlands) at ambient temperature. The cell was
comprised of a three-electrode system with an Ag/AgCI reference electrode, a gold
counter electrode, and a glassy carbon working electrode (GCE). The GCE was coated
with a film prepared by drying 10 uL of a suspension of polyHGA (1 mg) in Nafion
perfluorinated resin solution (10 puL of a 5 wt% mixture of lower aliphatic alcohols and
water, containing 45% water; from Sigma-Aldrich, Gillingham, UK) overnight in a

fume hood at room temperature. Buffer (pH 5 or 7.4, described above) was used as the
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electrolyte, with a scan rate of 0.01 V s™! between —1 and 1 V.

2.1.13 Conductive-probe atomic force microscopy (C-AFM)

Theory: Conductive atomic force microscopy (C-AFM) is included amongst the
scanning probe microscopy (SPM) techniques and has been extensively employed to
examine the local electromagnetic, molecular, or physical features on a microscopic
scale °%°, The CP-AFM setup needs a well-characterized conductive tip >1° to enable its
secondary imaging mode that can produce high spatial resolution imaging > and to
allow the determination of electronic structures at the nanometer level as a result of the
accuracy and stability of making an electronic contact using the tip °!1. Current flows
through the conducting material-coated tip and the conducting sample when the tip-
surface is positioned at voltage difference which thus enables the device to employ
electrical current to construct the surface outline of the sample >'2. By determining and
recording current between the conductive tip and the substrate in contact mode, the
technique can probe the electronic characteristics of samples and map the current in a
wide range from 1 pA to 10 mA with immediate collection of topographic data 5%.
Multiple fields including chemical, electric, force, and optical fields can be combined
with C-AFM method to show the local multifield coupling phenomenon °%°. Conductive
atomic force microscopy technique assures accurate, non-destructive, and quick

analysis 5%,

Practice: A triangular bias voltage was applied on the AFM stage in electric contact
with the samples. A Pt-coated AFM probe acted as a drain for the electric current. The
electric signal collected by the conductive probe was fed into an I/V converter with a

low-noise filter built in. Output current and bias voltage were recorded by an AFM
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controller in real time. Multiple -V traces were recorded and processed to extract the
electrical conductance, which is an intrinsic property of the samples under investigation.

The setup is depicted in (Figure A.1.30 Appendices).

2.1.14 X-ray diffraction (XRD)

Theory: X-ray diffraction (XRD, elastic scattering) spectroscopy is an X-ray scattering
technique which has been extensively used for determining the chemical composition,
crystal structure, and electronic structure of materials . Although the method is a
bulk-sensitive analytical technique, it can be employed to offer data that are relevant to
surface variations in appropriate circumstances >* and is normally employed for long-
range order crystalline material 4’2, The working principle of XRD is based on the
reflection of paralleled X-ray beam incidence on a crystal plane of the sample that is to
be characterized %2, The rays are diffracted in a pattern that is determined by the
arrangement, location, and size of the crystal constituents °%°. This pattern is a basic
physical property of the material which completely elucidates and identifies its structure
%16 The output from the XRD instrument is usually called a diffractogram which is a
plot of intensity of scattered rays on the y-axis versus a function of the scanning angle
on the x-axis °’. X-ray diffraction is a non-destructive technique °# but can be time-
consuming, may need a large sample size and has a low intensity of diffracted X-rays

especially for low atomic number material *2,

Practice: XRD patterns were recorded using a Rigaku SmartLab powder diffractometer

with a 20 scattering range of 10 to 90° and a resolution of 0.1°.
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2.1.15 Scanning electrochemical microscopy (SECM)

Theory: Scanning electrochemical microscopy (SECM) is a method in which the current
that flows via an ultramicroelectrode (UME) tip of 10 pm diameter or less near a
conductive, semiconductive, or insulating substrate dipped in solution is employed to
characterize processes and structural features at the substrate °° as the tip is moved on
or close to the surface 2. The technique can probe the transfers of electrons, ions, or
molecules, as well as other reactions at air-liquid, liquid-liquid, and liquid-solid
interfaces 2. Scanning electrochemical microscopy generates chemical and
topographic data in the z direction for probed surfaces, or in the x—y directions for
surface imaging 22 which is based on the interaction of the substrate with a species
electro-produced at the tip 52°. Detection of the variations in tip position or some other
tip variable allows for images formation with the method as the tip is moved on or near
to a surface °2°. In SECM, the tip and the substrate are constituents of an electrochemical
cell which also comprise auxiliary and reference electrodes 5% %20 | The substrate may
also function as the second working electrode 5. Scanning electrochemical microscopy
has been employed in biological systems to examine enzyme activity and for the
assessment of the electrocatalytic activities of various materials including oxygen-
reduction reactions %23, An extensive variety of experimental systems and substrates can
be characterized with the application of a range of operational modes %> including the
cyclic voltametric, feedback °°, generation/collection, potentiometric, and redox
competition (or shielding) modes °?'. Normalisation of SECM data enables the
comparison between measurements carried out using diverse probe dimensions %24, The
SECM technique comprises a “feedback” procedure as a vital feature 2. The direction

of the current feedback shows the form of the substrate surface as electrically
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conducting or insulating, while the signal magnitude provides an insight into the
distance of the tip from the substrate, or otherwise, an insight into the species turnover
rate at the substrate 2. The accurate positioning abilities allows for the high spatial 2
and temporal resolution of SECM when quantifying material flux from a surface >2* .
This serves as a major strength of the technique over other electrochemical methods
using UMEs *# leading to its application in a variety of fields °2*. Available resolution

with SECM is limited by the curvature of the tip and its distance from the substrate >%°.

Practice: Scanning electrochemical microscopy (SECM) measurements were carried
out using a custom build SECM setup. A CH Instruments potentiostat (Model#6059)
was used for controlling the DC potential and recording the current, while a NanoMax
3-axis positioning system equipped with closed-loop piezo stepper motors controlled
by a BSC-203 motion controller (Thorlabs) was employed for sample positioning.
SECM imaging was performed in feedback mode using ferrocenemethanol (FcMeOH),
as redox mediator, in a two-electrode configuration with the potential biased between a
7 wm diameter carbon fiber ultramicroelectrode (UME) biased to oxidize FeMeOH
versus a Ag wire counter/quasi-reference electrode. A constant UME tip height of 1 pm
was maintained throughout as confirmed via probe approach curves (data not shown).

UME fabrication has been described previously

2.1.16 Zeta potential
Theory: The zeta ({) potential or electrokinetic potential is the electrostatic potential at
the electrokinetic slip plane randomly separating the liquid medium in an immobile

layer at the solid surface from most of the solution °2° and is also the reflection of the
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surface charges °%. This potential which also signifies a feature of the electrical
properties of the gaseous/liquid interface ¥/, is a basic parameter in models of electrical
double layers and their related characteristics such as electrode capacitance and
electroosmosis °%8, Zeta potential is an excellent indicator of the degree of the
electrostatic repulsive interaction between particles and is generally employed to
envisage and control dispersion stability °2°. Numerous techniques identified for
measuring C-potential include colloid vibration potential, electroacoustic sonic
amplitude, electro-osmosis, electrophoresis, sedimentation potential, and streaming
potential ¥, The most applicable of the techniques are the electrophoretic
determinations which are quick >, give dependable results *3, and allow calculations
of the {-potential from the dispersed particles’ mobility, as well as the streaming
potential measurements, which enable the {-potential to be obtained from the pressure
dependency of the potential difference between two sides of a porous plug °%. In the
simplest terms, ¢-potential is directly proportional to the electrophoretic mobility >2°,
and its extent is a pointer to the dispersion stability against aggregation 32 which occur
because of existing van der Waals attractive forces >33, Although determinations with
the C-potential method are easy, simple, and reproducible, there exists an insufficient
grasp of the operating principles, data interpretation, and sample preparation 34 which
constitute the various issues that pose difficulty in constantly determining and
integrating the potential >32. Zeta potential is pH dependent, thus, the sample pH should
be determined before and after {-potential readings °* which are recorded in millivolts
(mV) 3%, The concentration of any additives, ionic strength, and temperature affect the
zeta potential >3, Therefore, the {-potential value should be given with its standard
deviation and the number of runs as well as the composition of the dispersion medium,

pH, sample concentration, and the temperature of the measurement as a minimum 5%,
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Additional data which should be provided include the dielectric constant, dispersing
medium viscosity, Henry function estimation used, instrument make and model, type of
zeta cell employed, and the voltage applied °®. Zeta-potential values over 30 mV are
taken as discreetly stable against aggregation because of charge stabilisation °33, while
values in the range of —10<0<10 mV are considered as neutral %, Zeta potential is
applicable in numerous scientific fields including agriculture, chemistry, chemical
engineering, medicine, materials science, and pharmaceuticals %, Although zeta
potential determinations regularly need large samples, it is a non-destructive technique,

and the sample can be recovered after the analysis®®,

Practice: Zeta-potentials were measured on a ZetaSizer Nano ZS from (Malvern
Instruments, Malvern, UK) via M3-PALS technique with a laser beam at 633 nm. The
detection angle was 13°. All measurements were performed in three consecutive runs

and the values obtained averaged
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3 The Polymerisation of
Homogentisic Acid In Vitro as a

Model for Pyomelanin Formation

Overview

Melanins are a class of biopolymers that are widespread in nature, with diverse origins,
compositions, and functions, and their chemical and optoelectronic properties render
them potentially useful for application in materials science for various biotechnological
applications. For patients with alkaptonuria, the accumulation of homogentisic acid
(HGA) in their bodies is associated with the concomitant deposition of pyomelanin,
which is a pigment that contains significant amounts of polymerised HGA (polyHGA)
in the bodily tissues of the patients. The polymerisation of HGA under various different
conditions in vitro is investigated using a selection of different analytical chemistry
techniques to understand if there may be a correlation between the conditions and
pigment deposition in vivo, and their potential for application as green/sustainable and

components of electronic devices.
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3.1 Introduction

Melanins are a class of biopolymers with diverse origins, compositions, and colors,
from black /orown eumelanins®® to red/yellow pheomelanins,’® 1°all of which are
present in the skin/hair.?® Melanins fulfill a variety of roles in nature (including
photoprotection to photosensitisation,?® 22 antioxidant defense and metal/drug
binding),? 2° which reflect their combination of chemical, electrical, optical and
paramagnetic properties.?” ¥ Such properties facilitate their application in materials
science for a range of medical and technical applications.? >4

Melanin production is an oxidative process involving reactive oxygen species and
enzymes followed by uncontrolled polymerisation of the oxidized intermediates.'® In
contrast to the production of polynucleic acids (e.g., DNA and RNA) and proteins,
melanin production does not involve “templates” and, therefore, the compositions,
connectivity, and sequences of “monomers” in the backbone of the melanins are random
(albeit clearly influenced by the feedstocks available, organism/tissue, and other
conditions). Various melanins exist, each of which is rich in certain monomers:
eumelanins  (L-dopa),®*  pheomelanin  (5-cys-dopa),®*  neuromelanins (5,6~

),%0 4 insect melanin

dihydroxyindole),®® 3° catechol melanins (catecholic monomers
(N-acetyl-dopamine), “** >*allomelanins (1,8-dihydroxynaphthalene),’® %% and
pyomelanin (homogentisic acid (HGA) and potentially a benzoquinone derivative
(benzoquinone acetic acid, BQA®*); (Figure 3.1).”® The polymerisation of melanins %°
yields species with high molecular weights and often the formation of insoluble
pigment #’ (the formation of which is proposed to proceed via a nucleation and growth

mechanism),>* and the structures, properties, and applications of natural and synthetic

melanins have been reviewed. 46: 423, 541, 546-551
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Figure 3.1: The chemical structures of homogentisic acid (HGA) and benzoquinone acetic acid (BQA).

Pyomelanins and ochronotic pigment formation can be driven enzymatically or indeed
via autopolymerisation in the presence of oxygen in a variety of prokaryotic/eukaryotic
species. Eukaryotic organisms contain a variety of enzymes in varying concentrations
in different intracellular/extracellular environments, and therefore studies to understand
the polymerisation of HGA in various conditions may offer insight into the deposition
of pyomelanin pigmentation in various tissues (of importance for diseases like
alkaptonuria). In the case of an extremely rare disorder termed black urine disease or
alkaptonuria, a mutation in the enzyme homogentisate 1,2-dioxygenase (HGD), results
in the inability to metabolise the amino acids phenylalanine and tyrosine which leads to
an accumulation of HGA in the body. A consequence of this being the discolouration
of the urine and parts of the body to a darker colour, along with a range of other illnesses

and symptoms that present over time.

Here we report the results of an investigation of the polymerisation of HGA to form
polyHGA (a simplified version of pyomelanin, (Figure 3.2) in the absence or presence
of enzymes (a laccase (LACC), >? peroxidase (horseradish peroxidase (HRP)), or
tyrosinase (TYR)) at either pH 5.0 or 7.4. A selection of different analytical techniques

was applied to study the resultant pyomelanins, including UV-vis spectroscopy, nuclear
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magnetic resonance (NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS),
size exclusion chromatography (SEC), dynamic light scattering (DLS), scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, Fourier-
transform infrared (FTIR) spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy, cyclic voltammetry (CV), and conductive probe atomic force microscopy
(C-AFM). Condition-dependent polyHGA formation was observed, which offers
insight into real-world observations of pyomelanin pigment deposition inside specific
tissues in the body (e.g., observed by eye or histological studies), 170 203 387,553 apnd

moreover, highlights their potential for optimisation for utilisation in electronic

: 423
devices.
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Figure 3.2: schematic of the polymerization of homogentisic acid (HGA) to form pyomelanin. It is important to
note that pyomelanin may contain other monomers depending on the conditions under which they are formed in
vivo, and a simplified version of f pyomelanin, polyHGA (depicted above), is studied herein.
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3.2 Experimental Section

3.2.1 Polymerisation of HGA (Lower Concentration of HGA-No Enzyme
Control)

HGA was dissolved in buffer (at a concentration of HGA of 10.4 mg mL™) at room
temperature in the presence of air. The buffers were either sodium acetate (0.1 M, pH 5)
or phosphate-buffered saline (0.1 M, pH 7.4) and if necessary, after the addition of HGA
the pH was corrected by addition of 1 M NaOH or HCI. Samples were isolated at specific
points in time before/after dialysis (molecular weight cutoff of 3.5 kDa) against water
(4 L), refreshing the water every few hours for 5 days. The dialyzed mixtures were
lyophilized (freeze dryer from Labconco Corporation), supplied by Thermo Fisher

Scientific in Heysham, UK. Samples were stored in a freezer until analysed.

3.2.2 Polymerisation of HGA (Lower Concentration of HGA in the Presence of
Enzymes)
HGA was dissolved in buffer (at a concentration of 0.052 ¢ HGA in 5 mL of buffer
solution, i.e., concentration of HGA of 10.4 mg mL™) at room temperature in the
presence of air. The buffers were either sodium acetate (0.1 M, pH 5) or phosphate-
buffered saline (0.1 M, pH 7.4) and, if necessary, after the addition of HGA the pH was
corrected by addition of 1 M NaOH or HCIL. Enzymatic polymerisation reactions were
initiated by addition of 85 units of enzyme chosen from HRP (the unit used when
defining or describing enzymes is either the unit U or 1U internationally, with this unit
alluding to the catalytic activity of an enzyme. 1 U pmol/min is used to define how
much one micromole of substrate is catalysed by a given enzyme within a one-minute

period in a specific experimental setting or condition) supplied by Alfa Aesar (Thermo
61



Fisher Scientific) in Heysham, UK , Agaricus bisporus LACC and mushroom TYR.
Hydrogen peroxide (30%, 50 uL) was added. Samples were isolated at specific points
in time before/after dialysis (molecular weight cutoff of 3.5 kDa) against water (4 L),
refreshing the water every few hours for 5 days. The dialyzed mixtures were lyophilized
(freeze dryer from Labconco Corporation), supplied by Thermo Fisher Scientific in

Heysham, UK. Samples were stored in a freezer until analysed.

3.2.3 Polymerisation of HGA (Higher Concentration of HGA-No Enzyme
Control)

HGA was dissolved in buffer (at a concentration of 0.168 g HGA in 5 mL of buffer
solution, i.e., concentration of HGA of 33.6mg mL™?) at room temperature in the
presence of air. The buffers were either sodium acetate (0.1 M, pH 5) or phosphate-
buffered saline (0.1 M, pH 7.4) and, if necessary, after the addition of HGA the pH was
corrected by addition of 1 M NaOH or HCI. Samples were isolated at specific points in
time before/after dialysis (molecular weight cutoff of 3.5 kDa) against water (4 L),
refreshing the water every few hours for 5 days. The dialyzed mixtures were lyophilized
(freeze dryer from Labconco Corporation), supplied by Thermo Fisher Scientific in

Heysham, UK. Samples were stored in a freezer until analysed.

3.2.4 Polymerisation of HGA (Higher Concentration of HGA in the Presence of
Enzymes)

HGA was dissolved in buffer (at a concentration of 0.168 g HGA in 5 mL of buffer

solution, i.e., concentration of HGA of 33.6mg mL™) at room temperature in the

presence of air. The buffers were either sodium acetate (0.1 M, pH 5) or phosphate-
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buffered saline (0.1 M, pH 7.4) and, if necessary, after the addition of HGA the pH was
corrected by addition of 1 M NaOH or HCI. Enzymatic polymerisation reactions were
initiated by addition of 170 units of enzyme chosen from HRP (supplied by Alfa Aesar
(Thermo Fisher Scientific) in Heysham, UK), Agaricus bisporus LACC and mushroom
TYR. Hydrogen peroxide (30%, 50 uL) was added. Samples were isolated at specific
points in time before/after dialysis (molecular weight cutoff of 3.5 kDa) against water
(4 L), refreshing the water every few hours for 5 days. The dialyzed mixtures were
lyophilized (freeze dryer from Labconco Corporation), supplied by Thermo Fisher

Scientific in Heysham, UK. Samples were stored in a freezer until analysed.

3.3 Results and Discussion

The product of the polymerisation of HGA (Figure 3.1) was studied in the absence
(control) or presence of enzymes (a laccase,170 203 387, 552-554 paroxidase, or tyrosinase)
at either pH 5 or 7.4 with a view to understand the potential role of enzymes and pH on

the formation of ochronotic pigment (Figure 3.2).

There were discernible differences in the color of the reaction mixtures within hours
(with solutions at pH 5 somewhat lighter in color than those at pH 7.4), and the reaction
mixtures proceeded to become significantly darker over a period of weeks, which is
characteristic of pyomelanins (Figure A.1.1, Appendices). The addition of tyrosinase
to HGA when compared to the control experiment in the absence of tyrosinase showed
discernible differences in the UV-vis spectra (Figure A.1.2, Appendices), with the
appearance of a second peak at 250 nm due to the oxidation of HGA to BQA (in addition
to the characteristic peak of HGA at 290 nm),*> which was more pronounced for

experiments carried out at pH 7.4 than at pH 5.



UV-vis spectra were recorded over 24 h using a concentration of HGA of 10.4 mg mL~
1 to avoid complications with precipitate formation and light scattering/precipitation
complicating UV-vis spectra recording and/or interpretation over the period of the
experiment. UV-vis spectra showed that using a laccase or peroxidase produced
significantly more polyHGA than tyrosinase or the no-enzyme control, with polyHGA
production being condition dependent, with peroxidase > laccase > tyrosinase = no
enzyme control (Figure A.1.2, Appendices). It is important to note that each enzyme
works best at a specific optimal pH value (In general the optimal pH for tyrosinase is 6
to 7.5), and deviations in pH from the optimal may result in a decrease in activity due
to alterations in the shape of the enzyme's active site, and the subtle differences in the
pH dependence of the UV-vis spectra are in line with the literature
(laccases,>® peroxidases,*’ > tyrosinases,>® and HGA autopolymerisation at high pH
values 170 203, 387, 553555 (glheit outside the physiologically relevant pH range for
humans))°®® and are also suggestive of various oxidation states of the monomeric units

constituting the backbone of the polyHGAs.

The corresponding percentage vyields of the polyHGA precipitate isolated by
Iyophilisation after 5 days of reaction using a concentration of HGA of 10.4 mg mL™?,
followed by dialysis (molecular weight cutoff of 3.5 kDa) showed a similar trend:
peroxidase > laccase > tyrosinase ~ no enzyme control (percentage yields of 11 = 2%,
11 + 8%, 7 = 2%, and 6 + 2%, respectively, at pH 5; 21 £ 4%, 7 £ 3%, 5+ 1%, and 5 £
2%, respectively, at pH 7.4). To produce sufficient melanin for analysis via other
techniques, experiments were carried out under analogous conditions with the

concentration of HGA of 33.6 mg mL™ for longer periods of time (6 weeks) yielding
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polyHGA showing a broadband absorption typical of melanins (Figure 3.3;

Figure A.1.1, Appendices).
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Figure 3.3: UV-vis spectra of HGA reaction mixtures after 6 weeks at either pH 5.0 or 7.4, in the absence of

enzyme (control) or presence of enzyme (laccase (LACC), peroxidase (HRP), tyrosinase (TYR)). Spectra for BQA
found in appendix

While the tH NMR spectra recorded in DO of HGA show characteristically sharp
peaks for the three aromatic protons and two alkyl protons (Ar-CH2-CO2H) on HGA
(Figure A.1.3, Appendices), after polymerisation for 6 weeks the *H NMR spectrum
for the polyHGA (no enzyme control at pH 5) is sharp indicative of relatively little
polymerisation in line with the mass isolated (Figures A.1.4, Appendices), whereas
the *'H NMR spectra for the other polyHGAs typically have broad lines suggesting the
polymers have high molecular weights and/or aggregation of the oligomers/polymers,
which is the characteristic of melanins (Figures A.1.5-Al.11, Appendices). In
principle, it may be possible to estimate the ratio of Ar-Ar/C-C bonds to Ar-O-Ar/C-O-

C bonds from the ratio of aromatic:alkyl protons, with a ratio of 2:3 alkyl:aromatic
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protons indicative of no/minimal reaction (e.g., HGA control and no enzyme control at
pH 5) or formation of Ar-O-Ar/C-O-C bonds, and deviation from that ratio indicative
of formation of a greater proportion of Ar-Ar/C-C bonds, which is suggested by our
data. It is noteworthy that our data are in line with solid-state NMR studies of monomer
connectivity in pyomelanins,>* and studies of pH dependence of polymerisation of
phenolic compounds suggest the preference for C-C bond formation instead of C-O-C
bond formation at the pH values employed in this study with various enzymes
(cognizant of the fact that enzymes function best at a specific optimal pH value at which
the shape of the enzyme's active site is optimal for function with specific substrates);*??
561-63 fyrthermore, polymers connected via C-O-C bonds are expected to have lower
electrical conductivity than polymers connected via C-C bonds akin to graphene

derivatives.>%*

XPS data (Figures 3.4 and 3.5; Figures A.1.12-A.1.14and Tables A.1.1-A.1.5,
Appendices) confirmed that the HGA and polyHGAs were predominantly composed
of C and O (with traces of N (residual enzyme), Na/Cl (residual buffer), and Si
(substrate)). The C 1s spectra confirmed the presence of C-C, C-O, C=0, O-C=0,
and z-z bonds; and the O 1s spectra confirmed the presence of C=0 and C-O bonds,
and a Na KLL Auger peak, which overlaps the O 1s envelope at 536 eV. There were no
clear trends in the data to determine the connectivity of the polyHGA backbone®® (e.g.,
ratio of Ar-Ar/C-C bonds to Ar-O-Ar/C-O-C bonds normalized against the peak for O-
C=0; (Tables A.1.1-A.1.5, Appendices), and the varying levels of C=0 bonds
(plausibly due to both carboxylic acids and quinones) are suggestive of differing

oxidation states for the monomers incorporated in the backbone of the polyHGAS.
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Figure 3.4: XPS C 1s core line spectra: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA (formed in the presence of tyrosinase at
pH 5.0); E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4); H)
polyHGA at pH 5.0); and I) polyHGA (formed in the presence of peroxidase at pH 7.4).
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Figure 3.5: XPS O 1s core line spectra A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA (formed in the presence of tyrosinase at pH
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polyHGA (formed in the presence of peroxidase at pH 5.0); and I) polyHGA (formed in the presence of peroxidase at pH 7.4).
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SEC has previously been used to assess the molecular weight distributions of soluble
oligomeric/polymeric melanin derivatives /% 423 of the polyHGA after dialysis
(molecular weight cutoff of 3.5 kDa) showed traces of the low-molecular-weight
species and/or oligomeric species; however, higher-molecular-weight species
(>3.5 kDa) were not observed due to removal of the aggregates on the guard column of
the SEC (Figure A.1.15, Appendices). DLS °% of the same samples showed no higher-
molecular-weight species (>3.5 kDa) due to removal of the aggregates during filtration
prior to DLS as part of standard sample preparation protocols. SEM was used in
combination with EDX spectroscopy to assess the precipitate morphology and the
elemental composition of the polyHGAs produced. SEM data show that the precipitates
isolated were irregularly shaped with sizes between tens to hundreds of micrometers
(Figures A.1.16-A.1.24, Appendices). There is no meaningful shape/size correlation
as the polyHGAs are produced under unconstrained conditions, whereas the in vivo
polyHGA  precipitate  shapes/sizes  would be  constrained by the
intracellular/extracellular environment in which they are produced. EDX data suggest
that all samples are mainly composed of C and O (similar to the XPS data) with
additional K and Na from the buffer, Au (sputter coating), Si (substrate), and samples
with enzymes also have traces of additional Al, Ca, Mg, and S (Figures A.1.16-A.1.23,

Appendices).

FTIR spectroscopy was used to analyse the HGA and polyHGAs produced. The FTIR
spectrum for the polyHGA (no enzyme control at pH 5) closest to the monomeric HGA
is indicative of relatively little polymerisation in line with the mass isolated; however,
all other polyHGAs had significantly broader peaks than monomeric HGA, as expected

for polymeric species with a variety of chemical environments (Figure 3.6;
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Figure A.1.25, Appendices). A discernible difference in the FTIR spectra of HGA and
the polyHGAs was the broadening/diminution of the peak at 970 cm™ in HGA (from
the aromatic hydrogens) suggestive of C-C bond formation, with broadening of bands
at 1500-1510 cm™* (aromatic C=C bonds) and the weak band at 1580 cm™ (aromatic
C=C). Peaks at 1200-1210 cm corresponding to phenolic OH and at 1560-1570 cm~
! corresponding to the C=0 bond of the carboxylic acid functional groups are present

in all spectra, albeit broader.>>?
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Figure 3.6: FTIR spectra of dialyzed polyHGA isolated after 6 weeks of reaction at pH 5.0 and pH 7.4, generated in
the absence of enzyme (no enzyme control) or presence of enzyme (laccase (LACC), peroxidase (HRP), and
tyrosinase (TYR)).
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EPR spectroscopy was used to study the powders. X-band EPR spectra of all polyHGA
powders showed nearly identical spectra (Figure 3.7). The spectra had a single peak
centered at g = 2.0035, with a peak-to-peak width of 4 G (the polyHGA generated in
the presence of tyrosinase at pH 5.0 gave a slightly broader peak with a peak-to-peak
width of 4.6 G). The polyHGA generated in the presence of peroxidase and no enzyme
controls gave much more intense peaks than polyHGA generated in the presence of
laccase or tyrosinase. This may be related to the extended conjugation length of the
different polymers. °®7 In general, the EPR peak shape and width were similar to those

of eumelanins and consistent with the pyomelanin spectra reported in the literature.?%

A close inspection of the EPR peak of polyHGA showed a noticeable asymmetry.
Spectrum simulation required two components to accurately reproduce the line shape
(Figure 3.8; Figures A.1.26-A.1.28, Appendices). These components can be assigned
to carbon-centered and semiquinone radicals based on their g-values (2.0034 and
2.0040, respectively). All polyHGA spectra were dominated by the C-centered radical
with 2-6% contribution of the semiquinone. This is similar to the precedent for
eumelanins, although the contribution of the semiquinone radical in eumelanins is

higher. 568

Recording EPR spectra under saturating conditions (at a high microwave power of up
to 200 mW) did not reveal any fast-relaxing organic radical components. In some
pyomelanin samples, a clear semiquinone signal was reported in the literature. 552 The
absence of this signal in our samples can be explained by the small contribution of the
semiquinone radical to the overall EPR signal. The spectra recorded at high power,

however, suggested the presence of some EPR-active metals in all enzyme-derived
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samples, possibly originating from the traces of residual enzymes (supported by EDX

data; see Figures A.1.16-A.1.23 in the Appendices).
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Figure 3.7: band EPR spectra of polyHGA samples generated at pH 7.4 in the absence of enzymes (black), or
presence of laccase (blue), peroxidase (red), or tyrosinase (green).
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Figure 3.8: Experimental EPR spectrum of polyHGA generated in the presence of peroxidase sample (black) and
simulation (red). The simulation included a broad C-centered component (g = 2.0034, Voigtian line shape with peak-

to-peak width 4.2 G, 97.8%) and a sharper semiquinone radical (g = 2.004, Gaussian line shape with peak-to-peak
width 2.2 G, 2.2%).

72



Cyclic voltammetry has previously been used to study the reduction/oxidation processes
and electron-transfer properties of polyphenols analogous to polyHGA. Cyclic
voltammetry of HGA shows a clear anodic peak due to the oxidation of HGA to BQA,
and a clear cathodic peak due to the reduction of BQA to HGA, the positions of which
are solvent and pH dependent. 2°" 2% The cyclic voltammograms of the polyHGASs
generated in this study at pH 5 (Figure A.1.29, Appendices) show an anodic peak at
0.56 V and the corresponding cathodic peak at OV versus Ag/AgCl (reference
electrode), whereas at pH 7.4 (Figure A.1.29, Appendices) the oxidation and reduction
peaks were not resolved, i.e., the polyHGAs were electroactive in acidic medium while
electro-inactive in neutral medium, confirming the role of protons in the electroactivity
of the polyHGA (akin to polycatechol films) °%°. The cyclic voltammograms show that
all electrochemical changes are completed after 4 scans, demonstrating their stability
under the experimental conditions for the duration of the experiment, and their
unsymmetrical cathodic and anodic peaks are attributed to the difference in background

current and kinetic limitations. °%°

Conductive tip AFM studies of the powders isolated from polyHGA formation under
various conditions showed some to be measurably conductive (the setup is depicted in
Figure A.1.30. in the Appendices). The polyHGAs generated by auto-oxidation of
HGA at either pH 5 or at pH 7.4 (i.e., no enzyme control) were neither measurably
conductive nor were the polyHGASs generated in the presence of tyrosinase at either pH
5 or at pH 7.4, or laccase at pH 5. However, the polyHGAS generated in the presence
of laccase at pH 7.4 or peroxidase at either pH 5 or pH 7.4 were measurably conductive
(Figure 3.9), with average logio G values of —11.52 + 0.28, —8.52 = 0.24, or —9.30 £

0.32 S, respectively (I-V curves are in (Figures A.1.31-A.1.36 in the Appendices), and
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a comparison of log G counter maps is shown in (Figure A.1.37, Appendices); i.e.,
conductivity (G) 0f 2.9 x 103+ 1.1 x 1073, 0.58 + 0.2, or 3.4 + 1.2 nS, respectively. The
differences in the electronic properties of the polymers 77 are likely to be related to
the extended conjugation length of the polyHGAs produced by laccase-/peroxidase-
mediated polymerisation of HGA, supported by the greater amounts of polyHGAS
produced by laccase-/peroxidase-mediated polymerisation of HGA and by EPR data
(Figure 3.7). The polyHGAs produced have the potential for use in applications as
green/sustainable ®’* and components of electronic devices, 319 389 417,423, 572574 o other

high value added applications (particularly after optimisation of the synthesis).?" 571 57

579

The in vitro studies of the polymerisation of HGA to form polyHGA (a simplified
version of pyomelanin) described herein, investigated in the absence or presence of
enzymes (a laccase, peroxidase, or tyrosinase) at physiologically relevant pH values
(either pH 5.0 or 7.4), contribute to our understanding of real-world observations of
pyomelanin pigment deposition inside specific tissues in the body (e.g., observed by
eye or histological studies), by demonstrating that their presence imparts electrical
conductivity to the tissues, and that this may alter the electrophysiology of the tissues

and thereby their function 170203, 387,553

We note that enzyme activity is affected by various environmental factors (including,
but not limited to, pH, salt concentration, and solvent), and the function of enzymes is
governed by the primary sequence of the enzyme which is species specific, and
systematic studies may offer insight into opportunities for industrial biotechnological

approaches to melanin production 5758, Recent advances in our analytical capabilities
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(e.g., single-cell analysis, and/or single-/multiomics (genomics, metabolomics,
proteomics, and transcriptomics) approaches) °%°°% also offer unique insight into
biological processes involving melanins in various contexts °’°. In the clinic it is useful
to quickly and easily diagnose alkaptonuria using a low-cost spectrophotometric
technique for the detection of polyHGA; **° likewise, one of the potentially exciting
applications of polyHGA is as a biocompatible intracellular label for optoacoustic

imaging of macrophages with strong optoacoustic contrast to resolve single cells against

a strong blood background >%.
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Figure 3.9: Conductive tip AFM data for polyHGAs. comparison of the conductance histograms for polyHGAs
generated in the presence of laccase (LACC) at pH 7.4, or peroxidase (HRP) at pH 7.4 or 5.0, respectively.
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3.4 Conclusion

Herein polymerisation of HGA to form polyHGA (a simplified version of pyomelanin)
was investigated in the absence or presence of enzymes (a laccase, peroxidase, or
tyrosinase) at either pH 5.0 or 7.4. A variety of analytical techniques (UV-vis, NMR,
XPS, SEC, DLS, SEM, EDX, FTIR, EPR, CV, and C-AFM) were employed to examine
the polyHGAs produced under the experimental conditions. The experiments revealed
interesting trends in the yields of polyHGAs produced with subtle differences in their
properties; notably, C-AFM data for polyHGAs showed that those generated in the
presence of LACC at pH 7.4, or HRP at pH 7.4 or 5.0, respectively, displayed

measurable conductivity suggesting their potential for application in electronic devices.
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4 Analysis of phenolic polymers as

model melanins

Overview

Melanins are a class of conjugated biopolymers with varying compositions and
functions, which have a variety of potential medical and technical applications. Here
we examine the conjugated polymers derived from a variety of phenolic monomers
(catechol (CAT), levodopa (DOPA) and homogentisic acid (HGA)), using a selection
of different analytical chemistry techniques to compare their properties with a view to
understanding structure-function relations. The polymers displayed measurable
conductivity, with electronic properties tuned by the functional groups pendant on the
polymer backbones (which served as dopants) suggesting their potential for application

in electronic devices.
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4.1 Introduction

Phenolic monomers are common building blocks of melanins (observed in allomelanin,
eumelanin, neuromelanin, pheomelanin and pyomelanin),>® and are known to play
important roles in intermolecular/material interactions,* %" and here we examine the
conjugated polymers derived from a variety of phenolic monomers (catechol (CAT),
levodopa (DOPA) and homogentisic acid (HGA)) to understand the role of functional
groups pendant on the polymer backbones on their optoelectronic properties %, A
selection of different analytical techniques are employed for these studies, including:
UV-Vis spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), zeta potential measurements, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray
(EDX) spectroscopy, X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, cyclic
voltammetry (CV), and conductivity measurements. The properties of the conjugated

polymers suggest they may find application in electronic devices.

4.2 Experimental Section

4.2.1 Synthesis of melanins

300 mg of melanin precursor (catechol (1,2-dihydroxybenzene), CAT; levodopa,
DOPA; homogentisic acid, HGA) was dissolved in 50 mL of acetate buffer (50 mM;
pH = 6.5) and the reaction was initiated by the addition of 50 mL of Na,CO3 (50 mM).
The mixtures were stirred at room temperature and monitored using thin layer
chromatography to ensure that the reaction of the melanin precursor compound was

complete. In the cases of melanin precursors DOPA and catechol, 10 mL of 0.5 M CaCl>
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was added to the reaction mixtures; after standing at room temperature overnight a
precipitate was observed to have formed, the supernatant was collected after
centrifugation (5 mins at 4K rpm) and these were dialyzed against DI water for two days
(using dialysis tubes with MWCO of 3.5 kDa) and lyophilized (this is termed the “high
solubility fraction”, abbreviated to HS). The precipitates were washed with: a) water,
b) 0.1N HCI and c) water, and lyophilized (this is termed the “low solubility fraction”,
abbreviated to LS). For CAT and DOPA a high solubility fraction and a low solubility
fraction were obtained, polyCAT-HS, polyCAT-LS, polyDOPA-HS and polyDOPA-
LS, respectively; whereas in the case of HGA it is important to note that only a soluble

fraction was obtained (polyHGA-HS).

4.3 Results and Discussion

Various methods of polymerisation of aromatics (e.g., phenols) exist, including
enzymatic,>%-%% electrochemical %52 oxidative, 814 5% etc. and the polymerisation of
phenols is the subject of an excellent review from Kobayashi and co-workers,514 615
which examined the propensity for C-C or C-O-C bond formation which would be
expected to play a role in the conductivity of the resulting polymers (polymers
connected via C-C bonds akin to graphene derivatives ¢ are expected to have lower
electrical conductivity than polymers connected via C-O-C bonds).

In this study, a green approach was applied using a weakly basic aqueous solution of
the commercially available monomers CAT, DOPA and HGA (Figure 4.1) to
polymerise the monomers via autooxidation with a view to understand the potential role
of subtle differences in momomer structure and the properties of the resulting

conjugated polymers, polyCAT, polyDOPA and polyHGA, respectively.
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Figure 4.1: A schematic of the polymerization of CAT, DOPA or HGA to form model melanins is important to note
that natural melanins may contain other monomers depending on the conditions under which they are formed in
vivo, and the polymers depicted are therefore simplified version of melanins, polyCAT, polyDOPA or polyHGA,
respectively (depicted above), that are studied herein.

The polymerisations of CAT and DOPA resulted in the formation of a colored
precipitate (isolated by centrifugation and washing) termed the insoluble or low
solubility fraction (polyCAT-LS or polyDOPA-LS, respectively), and supernatant (that
was dialyzed against DI water and lyophilized) termed the soluble fraction (polyCAT-
HS or polyDOPA-HS, respectively); and under the polymerisation conditions used the
polymerisation of HGA resulted in the production of only a soluble fraction (polyHGA-
HS). The polymers showed a broadband absorption typical of melanins in the UV-vis

spectra (Figure 4.2), which are also suggestive of various oxidation states of the
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Figure 4.2: UV-vis spectra of the polymers studied herein. (0.0026 mg/mL).

monomeric units constituting the backbone of the polyCAT-HS, polyCAT-LS,
polyDOPA-HS, polyDOPA-LS and polyHGA-HS, respectively.

The *H NMR spectra recorded in DO of the monomers CAT, DOPA and HGA show
sharp peaks characteristic of low molecular weight species (Figure A.2.1, A.2.2, and
A.2.3, Appendices, respectively), whereas the *H NMR spectra of the polymers
(polyCAT-HS, polyCAT-LS, polyDOPA-HS, polyDOPA-LS and polyHGA-HS) are
markedly different. The *H NMR spectra of the soluble fractions (polyCAT-HS,
polyDOPA-HS, and polyHGA-HS) have some sharp peaks (due to the pendant
functional groups) and broad lines characteristic of high molecular weight species, and
the *H NMR spectra of the low solubility fractions (polyCAT-LS, polyDOPA-LS) are
broader still characteristic of high molecular weight species and/or aggregation of the
oligomers/polymers that is characteristic of polyphenols ®" and melanins more
generally, leading to relatively featureless solid-like spectra (Figure A.2.1-A.2.3,

Appendices).

81



XPS data (Figure 4.3 and Figure A.2.4, Appendices) confirmed the polymer powders
were predominantly composed of C and O (with traces of N from the NH2 in
polyDOPA-HS and polyDOPA-LS, Na/Ca/F [residual buffer] and Si [potentially from
underlying substrate]). The C 1s spectra confirmed the presence of a number of clear
peaks, which we correlate to common carbon binding environments (C-C/H, C-N, C-O,
C=0, 0O-C=0). Small peaks towards the higher binding energy side of the C1s spectra
may be indicative of n-n* shake-up features. The fluorine signal evident in the wide
scan for PolyDOPA-LS may also contribute to the higher energy peaks in the

corresponding C 1s spectra. O 1s spectra are fitted with two major peaks which are
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Figure 4.3: X-ray photoelectron spectroscopy (XPS) spectra. A) polyCAT-HS C 1s core line spectra. B) polyCAT-
HS O 1s core line spectra. C) polyCAT-LS C 1s core line spectra. D) polyCAT-LS O 1s core line spectra. E)
polyDOPA-HS C 1s core line spectra. F) polyDOPA-HS O 1s core line spectra. G) polyDOPA-LS C 1s core line
spectra. H) polyDOPA-LS O 1s core line spectra. 1) polyHGA-HS C 1s core line spectra. J) polyHGA-HS O 1s core
line spectra.
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expected to correspond to O=C and O-C bonds in agreement with the C 1s spectra,
though some minor peaks are also required to fit the spectra potentially indicating a
range of different oxidation states. A Na KLL Auger peak at ~ 536 eV is also evident
in the O1s spectra for polyHGA-HS, correlating with the strong Na signal noted in the
wide-scan for this polymer. We note that there are clear differences between the
polymers, in particular the varying levels of C-O and C=0 bonds (plausibly due to both
quinones present in all polymers and carboxylic acids in polyDOPA-LS, polyDOPA-
HS and polyHGA-HS, respectively) suggestive of differing oxidation states for the

monomers incorporated in the backbone of the polymers.

Zeta potential measurements indicate all the polymers/particles are anionic due to
deprotonation of phenols and carboxylic acids (polyDOPA-LS, polyDOPA-HS and
polyHGA-HS); the zeta potentials for the polyCAT-HS (-9.83 + 0.84 mV) and
polyCAT-LS (-17.83 £ 0.75 mV) are somewhat lower than those of phenol, amine and
carboxylic acid containing polyDOPA-HS (-15.63 = 1.25 mV) and polyDOPA-LS (-
33.03 £ 0.12 mV), and phenol and carboxylic acid containing polyHGA-HS (-37.00
3.30 mV). The interaction of cationic amines with the anionic phenols and carboxylic
acids present in polyDOPA account for the lower zeta potentials for polyDOPA than
amine-free polyHGA, and the higher zeta potentials for the LS products than HS
products suggest the hydrophobic parts of the polymers are buried within the particles
with hydrophilic functional groups clustered on the particles’ surfaces as the polymers

constituting them assemble/aggregate.*®
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Transmission electron microscopy (TEM), scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) were used to study the morphology and
elemental composition of the of the HS and LS polymer fractions produced. TEM of
dilute solutions of the polymers deposited on TEM grids showed the presence of
nanoscale particles of tens-hundreds of nm characteristic of melanins (the formation of
which is proposed to proceed via a nucleation and growth mechanism) ¢ ®18 (Figure
4.4). SEM images of lyophilized solutions of the polymers deposited on SEM stubs
shows the particles/precipitates formed were irregularly shaped with sizes between tens
to hundreds of micrometers characteristic of melanins (Figure 4.4); while the HS
particles are generally smaller than the LS precipitates, there is no meaningful
correlation between particle/precipitate shapes/sizes as the polymers are produced under
unconstrained conditions ©%. By comparison, the shapes/sizes of melanin
particles/precipitates in vivo would be constrained by the intracellular/extracellular
environment in which they are produced. EDX data suggests that all samples are mainly
composed of C and O for all polymers with a trace of N present in the polyDOPA
samples (similar to the XPS data), with additional traces of Ca, K and Na from the buffer,
Au (sputter coating) and Si (substrate). Interestingly, EDX data shows that the polymers
in the highly soluble fractions have higher metal ion contents (measured as relative
abundance by EDX) than the low solubility fractions, polyCAT-HS (Ca: 8.9% + 0.1%.
Na: 0.4% # 0.1%.), polyDOPA-HS (Ca: 8.4% + 0.1%. Na: 1.6% + 0.9%.), polyHGA-
HS (Ca: 0.3% + 0.1%. Na: 15.3% + 0.8%.), by comparison with polyCAT-LS (Ca: 2.1%
+ 0.4%. Na: 0.1% + 0.1%.) and polyDOPA-LS (Ca: 0.2% + 0.1%. Na: 0.0% % 0.0%.),
confirming the polyphenol’s ability to bind metal ions % 62, A putative role for
melanins in biology °** 62! and underpinning their application in energy storage 288 622

624 XRD patterns of the samples suggested they were largely amorphous, confirmed
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by the very broad peak at 20 ca. 15-40° (Figure A.2.5, Appendices), characteristic of

natural and synthetic melanins 25628,

Figure 4.4: Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of samples
studied herein. A) polyCAT-HS TEM. B) polyCAT-HS SEM (scale bar represents 10 pm). C) polyCAT-LS TEM. D)
polyCAT-LS SEM (scale bar represents 10 um). E) polyDOPA-HS TEM. F) polyDOPA-HS SEM (scale bar
represents 1 pm). G) polyDOPA-LS TEM. H) polyDOPA-LS SEM (scale bar represents 1 um). I) polyHGA-HS TEM.
J) polyHGA-HS SEM (scale bar represents 1 pum).

FTIR spectroscopy was used to analyse the polymers produced, all of the peaks were
broader than for their constituent monomers as expected for polymeric species with a
variety of chemical environments (Figure 4.5, Figure A.2.6, Appendices),
characteristic of natural and synthetic melanins %2°. A difference in the FTIR spectra of

all polymers was the broadening/diminution of peaks at ca. 970 cm™ from the aromatic
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hydrogens suggestive of C-C bond formation during polymerisation, with broadening
of bands at 1500-1520 cm™ (aromatic C=C bonds) and the weak band at ca. 1580 cm™
(aromatic C=C). Peaks at ca. 1200-1210 cm™* corresponding to phenolic OH, %691 and
at ca. 1560-1570 cm™ corresponding to the C=0 bond of the carboxylic acid functional
groups are present in the spectra of polyDOPAs 32633 and polyHGA, %% albeit broader
%2 The broad bands at ca. 3000 cm™ attributed to aromatic C-H, and at 3400-3200 cm"

L attributed to stretching vibrations of the OH in all polymers and NH; in polyDOPAs

630-633

—Ls
—— L-dopa

1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800
Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (em-1)

Figure 4.5: Fourier-transform infrared (FTIR) spectra of monomers and polymers. A) Catechol (CAT), polyCAT-
HS, and polyCAT-LS. B) levodopa (DOPA), polyDOPA-HS, and polyDOPA-LS. C) Homogentisic acid (HGA) and
polyHGA-HS.

Melanins display paramagnetic character due to free radicals in their structures (e.g.,
semiquinone free radicals) which absorb microwaves under magnetic fields yielding
spectra characteristic of the radical species present, consequently EPR spectroscopy was
used to study the powders. X-band EPR spectra of all polymer powders showed single
peak centred around g = 2.0023-2.005, with peak-to-peak width ca. 4-5 G, typical of

melanin pigments >*° (Figure 4.6).
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Figure 4.6: -band electron paramagnetic resonance (EPR) spectra of polymers studied herein.

Low solubility fractions polyCAT-LS and polyDOPA-LS were dominated by the signal
of a carbon centred radical (g = 2.0033), typical of eumelanins. PolyHGA-HS sample
also showed a similar spectrum albeit at a slightly higher g value (2.0036). Interestingly,
the two other high-solubility melanins polyCAT-HS and polyDOPA-HS showed clearly
asymmetrical spectra with a high contribution of the semiquinone radical (Figure 4.7)
which is probably due to complexation with Ca(ll) 3% 83 which is present in these two

materials only (see EDX data above).
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Figure 4.7: Experimental electron paramagnetic resonance (EPR) spectrum of polyCAT-HS (black) and simulation
(red). The simulation included a broad C-centered component (g = 2.0033, 41.6%) and a sharper semiquinone
radical (g = 2.0048, 58.4%).

Cyclic voltammetry can be used to study the reduction/oxidation processes and electron
transfer properties of polyphenols such as those studied herein (voltammograms for
CAT and polyCATs are shown in (Figure A.2.7, Appendices), for DOPA and
polyDOPA in (Figure A.2.8, Appendices), and for HGA and polyHGA in (Figure
A.2.9, Appendices). The cyclic voltammograms of the polymers generated in this study
at pH 5 typically show anodic peaks at ca. 0.56 V and the corresponding cathodic peak
at ca. 0 V vs Ag/AgCI (reference electrode), whereas, at pH 7.4 the oxidation and
reduction peaks were less well resolved, i.e., the polymers were electroactive in acidic
medium while electroinactive in neutral medium. This is consistent with the literature
for polyCATSs,%% polyDOPAs ¢ and polyHGASs,%%* and confirms the role of protons in
the electroactivity of the polymers °° .The cyclic voltammograms are consistent after
multiple scans demonstrating their stability under the experimental conditions for the
duration of the experiment, and their unsymmetrical cathodic and anodic peaks are

attributed to the difference in background current and kinetic limitations 57°.
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To assess if the electronic properties of the samples studied herein have electronic
properties useful for application in electronic devices their conductivity was measured.
Interestingly, the powders isolated from lyophilised solutions of the polymers showed

them to be measurably conductive (Figure 4.8).

The differences in the electronic properties of the polymers % 636637 gre [ikely to be
related to a subtle combination of the extended conjugation length of the LS polymers
produced vs. HS polymers (i.e., the longer the conjugation length the higher the
conductivity); the hierarchical assembly of the polymers governed by intramolecular
and intermolecular interactions (i.e., the greater the levels of pi-stacking interactions the
higher the conductivity); %8 5% and the ability of the anionic component of the polymers
to serve as a dopant for the polymers (supported by zeta potential measurements), akin

to self-doped conducting polymers 539642,
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Figure 4.8: Conductance data for polymers studied herein. A) polyCAT-HS 1-V curves. B) polyCAT-HS conductance
histogram. C) polyCAT-LS I-V curves. D) polyCAT-LS conductance histogram. E) polyDOPA-HS |-V curves. F)
polyDOPA-HS conductance histogram. G) polyDOPA-LS |-V curves. H) polyDOPA-LS conductance histogram. I)
polyHGA-HS -V curves. J) polyHGA-HS conductance histogram. Data courtesy of Sam.
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4.4 Conclusion

Herein polymerisation of a variety of phenolic monomers (CAT, DOPA and HGA),
yielded conjugated polymers polyCAT-HS, polyCAT-LS, polyDOPA-HS, polyDOPA-
LS or polyHGA-HS, respectively. A variety of analytical techniques (UV-Vis, NMR,
XPS, DLS, TEM, SEM, EDX, FTIR, EPR, CV, and conductivity measurements) were
employed to examine the polymers produced, the experiments revealed the polymers
displayed measurable conductivity, with electronic properties tuned by the functional
groups pendant on the polymer backbones (which served as dopants) suggesting their

potential for application in electronic devices (e.g. as materials in batteries or capacitors)

551, 643
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5 Analysis of melanin-ECM

interactions

Overview

Melanins are conjugated biopolymers with varying compositions and functions, found
in various tissues throughout the body. Here we examine the conjugated polymers
derived from levodopa (DOPA) and homogentisic acid (HGA), polyDOPA and
polyHGA, respectively, and their interactions with the extracellular matrix (ECM)
components chondroitin sulfate A (CSA) and chondroitin sulfate C (CSC), using a
selection of different analytical chemistry techniques to understand structure-function
relations. The melanin-ECM composites displayed measurable conductivity, with
electronic properties tuned by the identity of the model melanin and presence of the
ECM component (which served as dopants because of the presence of the

carboxylates/sulfates pendant on their backbones).
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5.1 Introduction

The production of melanin in the body is a result of the conversion of the amino acid
tyrosine to a quinone intermediary and then further polymerisation to the pigment
polymer melanin. This process is performed by cells which are neural crest in origin;
melanocytes.>° These cells reside in the epidermis of the skin and produce melanin
within their intracellular structures; melanosomes. The melanin is donated to nearby
keratinocytes which utilise this to protect their nucleus from the sun’s UV radiation.®*
%45 1n normal and pathological physiological function melanin has little association with
collagen or other extracellular matrix proteins. Intermediaries of melanins such as
quinones have been shown to bind to collagens, one such example is 1,4-benzoquinone
(and others), their interaction with lysine.%* Lysine accounts for approximately 3-4%
of amino acid content in collagen and is key in the cross-linking process.®*’ This
pathological cross-linking process in the biological milieu alters the mechanical and
chemical properties of the collagen resulting in decreased susceptibility to degradation
and turnover due to alterations in its conformation.®*” %48 The formation of covalent
cross-links between collagen fibers can also result in a decrease in its overall stability.
This is the outcome of aggregation of collagen fibers and the formation of dense, fibrous
structures, which can cause the ECM to lose its normal function, impairing tissue
integrity and leading to pathological conditions like fibrosis.®*

Here we examine the properties of conjugated polymers derived from phenolic
monomers (levodopa (DOPA) and homogentisic acid (HGA)) that were polymerised in
the presence of extracellular matrix components (chondroitin sulfate A (CSA) and/or
chondroitin sulfate C (CSC)). A selection of different analytical techniques are

employed for these studies, including: UV-Vis spectroscopy, zeta potential
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measurements, transmission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), zeta potential measurements, Fourier-transform
infrared (FTIR) spectroscopy, solid state nuclear magnetic resonance (ssSNMR)
spectroscopy, cyclic voltammetry (CV), and conductivity measurements. The
properties of the materials offer insights into the role of functional groups pendant on

the polymer backbones on melanin-ECM interactions using simple model systems.

5.2 Experimental Section

5.2.1 Preparation of polyDOPA-CSA:

1.0 g of ECM component (CSA) and 100 mg precursor (DOPA) were dissolved in 50
mL acetate buffer (50 mM, pH = 6.5) and the reaction was initiated by the addition of
30 mL of Na,COs (50 mM). The mixture was gently stirred at room temperature and
monitored using chromatography to ensure that the reaction of the melanin precursor
compound was complete (about 2 days), after which the reaction mixture was dialyzed
against DI water for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen

and lyophilized, resulting in production of a brown solid.

5.2.2 Preparation of polyDOPA-CSC:

1.0 g of ECM component (CSC) and 100 mg precursor (DOPA) were dissolved in 50
mL acetate buffer (50 mM, pH = 6.5) and the reaction was initiated by the addition of
30 mL of Na;COs (50 mM). The mixture was gently stirred at room temperature and
monitored using chromatography to ensure that the reaction of the melanin precursor

compound was complete (about 2 days), after which the reaction mixture was dialyzed
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against DI water for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen

and lyophilized, resulting in production of a brown solid.

5.2.3 Preparation of polyDOPA-CSA-CSC:

1.0 g of ECM components (0.5 g of chondroitin sulfate A and 0.5 g of chondroitin
sulfate C) and 100 mg precursor (DOPA) were dissolved in 50 mL acetate buffer (50
mM, pH = 6.5) and the reaction was initiated by the addition of 30 mL of Na,COs (50
mM). The mixture was gently stirred at room temperature and monitored using
chromatography to ensure that the reaction of the melanin precursor compound was
complete (about 2 days), after which the reaction mixture was dialyzed against DI water
for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen and lyophilized,

resulting in production of a brown solid.

5.2.4 Preparation of polyHGA-CSA:

1.0 g of ECM component (CSA) and 100 mg precursor (HGA) were dissolved in 50mL
acetate buffer (50 mM, pH = 6.5) and the reaction was initiated by the addition of 30
mL of Na.CO3z (50 mM). The mixture was gently stirred at room temperature and
monitored using chromatography to ensure that the reaction of the melanin precursor
compound was complete (about 2 days), after which the reaction mixture was dialyzed
against DI water for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen

and lyophilized, resulting in production of a brown solid.
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5.2.5 Preparation of polyHGA-CSC:

1.0 g of ECM component (CSC) and 100 mg precursor (HGA) were dissolved in 50 mL
acetate buffer (50 mM, pH = 6.5) and the reaction was initiated by the addition of 30
mL of Na,COsz (50 mM). The mixture was gently stirred at room temperature and
monitored using chromatography to ensure that the reaction of the melanin precursor
compound was complete (about 2 days), after which the reaction mixture was dialyzed
against DI water for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen

and lyophilized, resulting in production of a brown solid.

5.2.6 Preparation of polyHGA-CSA-CSC:

1.0 g of ECM components (0.5 g of chondroitin sulfate A and 0.5 g of chondroitin
sulfate C) and 100 mg precursor (HGA) were dissolved in 50 mL acetate buffer (50 mM,
pH = 6.5) and the reaction was initiated by the addition of 30 mL of Na,CO3 (50 mM).
The mixture was gently stirred at room temperature and monitored using
chromatography to ensure that the reaction of the melanin precursor compound was
complete (about 2 days), after which the reaction mixture was dialyzed against DI water
for two days (using dialysis tubes with MWCO of 3.5 kDa), frozen and lyophilized,

resulting in production of a brown solid.
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5.3 Results and Discussion

With a view to understand melanin-ECM interactions (e.g., potential role of subtle
differences in momomer/ECM structures in the properties of the resulting materials),
DOPA or HGA (Figure 5.1) were polymerised (via autooxidation) in the presence of
the extracellular matrix (ECM) components (Figure 5.1) chondroitin sulfate A (CSA)
and/or chondroitin sulfate C (CSC), yielding polyDOPA-CSA, polyDOPA-CSC,
polyDOPA-CSA-CSC, polyHGA-CSA, polyHGA-CSC and polyHGA-CSA-CSC,

respectively.

OH CO,H OH CO,H o
O35, on
o)
HO,C 0 0
HO o O
OH NH
N OH CO,H OH COH o?~
2
polyHGA analogue 1 Chondroitin Sulfate A
) 0s5
H H H H
HO  ©OH o o o ° H(; 0
paporn. (0= )= )= L Jree o "o
HO o O
HO HO HO HO OH NH
HO,C HO,C HO,C HO,C
2 2 2 2 O}\ .
polyHGA analogue 2 Chondroitin Sulfate C

Figure 5.1: Structures of the model melanins (polyDOPA and polyHGA, respectively) and chondroitin sulfate
derivatives (CSA and CSC, respectively), that are studied herein.
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The polymerisations of DOPA or HGA in the presence of CSA and/or CSC, followed
by dialysis and lyophilisation yielded brown solids (polyDOPA-CSA, polyDOPA-CSC,
polyDOPA-CSA-CSC, polyHGA-CSA, polyHGA-CSC and polyHGA-CSA-CSC,
respectively). The materials showed a broadband absorption typical of melanins in the
UV-vis spectra (Figure 5.2), which is suggestive of a variety of oxidation states of the

monomeric units constituting the backbone of the polyDOPAs and polyHGAs.

—— polyHGA-CSA-CSC
—— polyDOPA-CSA-CSC
—— polyHGA-CSC
—— polyDOPA-CSC
2.4 polyDOPA-CSA
polyHGA-CSA
—— HGA
——CSA
2.0 4 ——CsC
—— L-DOPA

Abs.
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Figure 5.2: UV-vis spectra of the polymers studied herein (0.0208mg/mL

TEM, zeta potential measurements XRD, and XPS were used study the properties of
the materials studied herein. TEM of dilute solutions/suspensions of the materials
deposited on TEM grids showed the presence of nanoscale particles of tens-hundreds
of nm characteristic of melanins (the formation of which is proposed to proceed via a
nucleation and growth mechanism) #® ¢ (Figure 5.3). Zeta potential measurements
indicate all of the products are anionic due to deprotonation of phenols and carboxylic
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acids: polyDOPA-CSA (-39.73 = 0.76 mV) ,polyDOPA-CSC (-23.10 + 3.30 mV),
polyDOPA-CSA-CSC (-35.53 + 1.79 mV), polyHGA-CSA (-46.63 = 2.60 mV),
polyHGA-CSC (-35.43 £ 7.31 mV), polyHGA-CSA-CSC (-45.57 + 4.29). Interestingly,
the zeta potentials for melanin-CSA products are more negative than the melanin-CSC
products, with the zeta potentials of the melanin-CSA-CSC products containing both

CSA and CSC logically observed to be between the products with only CSA or CSC.

200 nm 200 nm

200 nm

Figure 5.3: TEM. A) polyDOPA-CSA. B) polyDOPA-CSC. C) polyHGA-CSA. D) polyHGA-CSC. E) polyDOPA-
CSA-CSC. F) polyHGA-CSA-CSC.

XRD patterns of the samples suggested they were amorphous (Figure A.3.1,
Appendices), characteristic of natural and synthetic melanins 625528, XPS data (Figures
5.4 and Figures 5.5) confirmed the polymers were predominantly composed of C and
O (with N from the NH2 in polyDOPA and NHCOCHj3 in CSA/CSC, Na/Cl [residual

buffer] and Si [substrate]). The C 1s spectra confirmed the presence of C-C, C-O, C=0,
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0O-C=0, and nt-r bonds; and the O 1s spectra confirmed the presence of C=0 and C-O
bonds, and a Na KLL Auger peak which overlaps the O1s envelope at ~536eV; we also
note the varying levels of C=0 bonds (plausibly due to both quinones present in all
polymers and carboxylic acids in polyDOPA and polyHGA-HS, respectively) are
suggestive of differing oxidation states for the monomers incorporated in the backbone

of the polymers.
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Figure 5.5: XPS spectra (O 1s core line spectra). A) CSA. B) CSC. C) polyDOPA-CSA. D) polyDOPA-CSC. E)
polyDOPA-CSA-CSC. F) polyHGA-CSA. G) polyHGA-CSC. H) polyHGA-CSA-CSC.
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FTIR spectroscopy was used to analyse the materials studied herein, which were
complex due to the variety of chemical environments (Figure 5.6 and Figure A.3.2,
Appendices); samples including the polyDOPA or polyHGA contained
peaks/shoulders broader than for their constituent monomers (DOPA or HGA,
respectively) as expected for polymeric species, characteristic of natural and synthetic
melanins 52°. The FTIR spectra of HGA has a peak at 970 cm™ (C-H in plane/out of
plane bending mode), a broad peak at 1210 cm™ (phenolic OH), at 1421 cm™ (bending
of -CH,), and 1512 cm™ to (C=0 of the carboxylic acid) ** %° The FTIR spectra of
CSA and CSC are very similar, with peaks between 800-860 cm™ (C-O-S) the exact
location of which differentiates the CSA from the CSC (peaks at roughly 855 cm™
correspond to CSA, whereas peaks at 823 cm™ correspond to CSC) 182 |n CSA the
peaks at 1077 cm™ and 1130 cm™ correspond to C-C vibrations, whereas in CSC the
peaks are observed at 1070 cm™ and 1128 cm™ %3, The peaks at 1228 cm™ and 1220
cmtin CSA and CSC, respectively, correspond to the asymmetrical vibration of (-SO3")
654,655 peaks in the range in the range of 1375 cm™ and 1420 cm™ correspond to C-H
and OH bonds %% 83, The peaks between 1610-1628 cm™ correspond to the amide |
band in CSA/CSC, and the peaks between 1550-1558 cm™ correspond to the amide 11
band in CSA/CSC %%, A discernible difference in the FTIR spectra of the materials was
the broadening/diminution of peaks at ca. 970 cm™ from the aromatic hydrogens
suggestive of C-C bond formation during polymerisation, with broadening of bands at
1500-1520 cm™* (aromatic C=C bonds) and the weak band at ca. 1580 cm™ (aromatic
C=C). Peaks at ca. 1200-1210 cm corresponding to phenolic OH, 6% %1 and at ca.
1560-1570 cm™ corresponding to the C=0 bond of the carboxylic acid functional

groups are present in the spectra of polyDOPAs 630632 and polyHGA,%%* albeit broader
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%52 The broad bands at ca. 3000 cm™ attributed to aromatic C-H, and at 3400-3200 cm"
L attributed to stretching vibrations of the OH in all polymers and NH; in polyDOPAs

(confirming that the particles are composed of model melanin and biopolymer dopants).
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Figure 5.6: FTIR spectra of monomers and polymers studied herein.

NMR is routinely used to study biomolecules including melanins and the ECM 5, with
ssNMR data for CSA and CSC ®, polyDOPA®® and cartilage containing pyomelanin
(naturally occurring polyHGA which is likely to contain other aromatic species in the
polymer backbone)?® reported in the literature. The 3C ssNMR spectra recorded of the

ECM components (CSA and CSC) shown in (Figure 5.7) are in line with the literature
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857 The ssNMR spectra of CSA shows peaks for the acetamidodeoxyhexose at 24.0
ppm (CHz3), 53.0 ppm (carbon A-2), 62.5 ppm (carbon A-6), 76.0 ppm (carbon A-5),
77.0 ppm (carbon A-4), 81.9 ppm (carbon A-3), 101.2 ppm (carbon A-1), and 176.4
ppm (Ac); and of D-glucosyluronic acid at 73.8 ppm (carbon U-2), 75.1 ppm (carbon
U-3), 78.1 ppm (carbon U-4 and carbon U-5), 105.0 ppm (carbon U-1) and 175.7 ppm
(carbon U-6). The ssNMR spectra of CSC shows peaks for the acetamidodeoxyhexose
at 24.0 ppm (CHas), 52.4 ppm (carbon A-2), 69.0 ppm (carbon A-4 and carbon A-6),
75.4 ppm (carbon A-5), 81.3 ppm (carbon A-3), 102.7 ppm (carbon A-1), 176.3 ppm
(Ac); and D-glucosyluronic acid at 74.1 ppm (carbon U-2 and carbon U-3), 78.0 ppm
(carbon U-5), 82.5 ppm (carbon U-4), 105.4 ppm (carbon U-1) and 175.4 ppm (carbon
U-6). The reason the peaks are broad in the NMR spectra is because of the disordered
nature of the polymer structure which results in a distribution of local structural
environments for any particular chemical group and therefore a distribution in the
chemical shift (line broadening), which is an inherent limitation on the resolution when
looking at polymers. The *C ssNMR spectra of the polyDOPA-CSA, polyDOPA-CSC,
polyDOPA-CSA-CSC, polyHGA-CSA, polyHGA-CSC and polyHGA-CSA-CSC,
show relatively minor changes in peak shapes/widths etc. to the spectra of the
constituent CSA/CSC because of the small quantity of polyDOPA or polyHGA present
in the materials studied herein, and moreover, the unpaired electrons in the melanins
will wipe out the signal from anything in the vicinity so that it cannot be observed (i.e.,
the NMR spectrum is not representative of the structure near any radicals, metal ions);
so what we are observing in the sSNMR is the portion of CSA/CSC that is not interacting
strongly with the melanins owing to the large excess of CSA/CSC used during the

synthesis (10:1 mass ratio of CSA/CSC:melanin precursor).
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Figure 5.7: 3C ssNMR spectra of the materials studied herein.

Cyclic voltammetry can be used to study the reduction/oxidation processes and electron
transfer properties of polyphenols such as those studied herein (voltammograms for
DOPA, HGA, CSA and CSC at pH 5 and 7.4 are shown in (Figure A.3.3, Appendices),
for polyDOPA-CSA, polyDOPA-CSC and polyDOPA-CSA-CSC at pH 5 and 7.4 are
shown in (Figure A.3.4, Appendices), and for polyHGA-CSA, polyHGA-CSC and
polyHGA-CSA-CSC at pH 5 and 7.4 are shown in (Figure A.3.5, Appendices). The
cyclic voltammograms of the polymers generated in this study at pH 5 typically show
anodic peaks at ca. 0.56 V and the corresponding cathodic peak at ca. 0 V vs Ag/AgCl
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(reference electrode), whereas, at pH 7.4 the oxidation and reduction peaks were less
well resolved, i.e., the polymers were electroactive in acidic medium, yet less clear
electroactive responses in neutral medium (not defined peaks). This is consistent with
the literature for polyDOPAs %% and polyHGAs,%* and confirms the role of protons in
the electroactivity of the polymers °°. The cyclic voltammograms are consistent after
multiple scans demonstrating their stability under the experimental conditions for the
duration of the experiment, and their unsymmetrical cathodic and anodic peaks are
attributed to the difference in background current and kinetic limitations.>™

The electronic properties of the samples studied herein were assessed using conductive
tip AFM (Figure A.3.6, Appendices) to understand if their conductivity was
measurable (potentially contributing to the electrophysiology of tissues or indeed useful
for application in electronic devices). Interestingly, the products were measurably
conductive (Figures 5.8). The differences in the electronic properties of the polymers
598,636, 637 gre likely to be related to a subtle combination of the extended conjugation
length of the polyDOPASs and polyHGAs produced; their hierarchical assembly with the
ECM components CSA and/or CSC (governed by intramolecular and intermolecular
interactions);*® 53 and the ability of the anionic component of the polymers to serve as
a dopant for the polymers (supported by zeta potential measurements), akin to self-

doped conducting polymers.63%-642
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5.4 Conclusion

Herein polymerisation of a variety of phenolic monomers (DOPA or HGA) in the
presence of ECM components (CSA and/or CSC), yielded conjugated polymer-based
materials polyDOPA-CSA, polyDOPA-CSC, polyDOPA-CSA-CSC, polyHGA-CSA,
polyHGA-CSC or polyHGA-CSA-CSC, respectively. A variety of analytical
techniques (UV-Vis, zeta potential, sSNMR, XPS, TEM, XRD, FTIR, CV, and
conductivity measurements) were employed to examine the polymers produced, which
showed evidence of ionic interactions between the model melanins and ECM
component. The experiments revealed interesting trends in the properties of the
polymers, notably conductivity measurement data for the polymers confirmed they
displayed measurable conductivity, with electronic properties tuned by the functional
groups pendant on the polymer backbones (which served as dopants) suggesting their
potential for changing the electronic properties of tissues and in degradable electronic

devices %°1: 643,
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6 Pyomelanin-ECM interactions

Overview

Melanins are conjugated biopolymers with varying compositions and functions, found
in various tissues throughout the body. Here we examine the conjugated polymers
derived from homogentisic acid (HGA), polyHGA (a simplified model of pyomelanin),
formed in an ex vivo tendon model with a view to understanding interactions between
melanins and the extracellular matrix (ECM) using a selection of different analytical
techniques, including spectroscopy (energy dispersive X-ray, infrared and Raman), X-
ray diffraction and microscopy (electron, optical and scanning electrochemical). The
combination of techniques facilitated an understanding of subtle differences in the
composition and distribution of ECM component, hydroxyapatite and melanin in the

tendons for the first time.

111



6.1 Introduction

Melanin in healthy tissues is typically found in specialised cells or areas of the body,
such as melanocytes of the skin or the substantia nigra in the brain. Melanin is normally
not associated with ECM proteins, although a melanin like polymer, polyHGA, has been
show to associate with ECM proteins such as collagen and GAGs of the ECM in AKU
387,659 Whilst melanin is not typically found in the extracellular matrix of healthy tissues,
its precursor — tyrosine (TYR) and the intermediate dopaquinone, as well as other
polyphenol and quinones have shown the ability to bind collagen and stiffen it 6,
Whilst stiffer collagen is beneficial in some instances, it is a challenge to get the level
of stiffness correct, given that overly stiff collagen alters mechanical loading through
the tissue(s), often pathologically through stress shielding in tendons and bone33° %62 as
well as through fibrosis in lung tissues 62,

Phenolic monomers are common building blocks of melanins (observed in allomelanin,
eumelanin, neuromelanin, pheomelanin and pyomelanin),®® and are known to play
important roles in intermolecular/material interactions.>®% Here we examine the
properties of conjugated polymers derived from phenolic monomer homogentisic acid
(HGA) polymerised in the presence of ECM components from Turkey tendon ex vivo.
A selection of different analytical techniques was employed for these studies, including:
Raman spectroscopy, X-ray diffraction (XRD), Fourier-transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray (EDX)
spectroscopy, and scanning electrochemical microscopy (SECM). The properties of the

materials offer insights into the role of functional groups pendant on the polymer
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backbones on melanin-ECM interactions using simple model systems (polyHGA-

tendon in this case).

6.2 Experimental Section

6.2.1 Preparation of samples:

Two turkeys, aged 20 weeks, were purchased from a farm, and killed in accordance
with UK food and farming standards. Prior to dissection the turkeys were stored at -
20°C. M. flexor hallucis longus and M. flexor digitorum were targeted for removal from
each leg, as they are the longest tendons present in the leg of the turkey. The tendons
were placed in solutions of 0.33uM or 0.33 mM of HGA in PBS or in a control solution

of PBS, and incubated at 37°C for 7 days.

6.2.2 Raman Spectroscopy:

Raman spectra were acquired from the tendons using an InVia Raman
microspectrometer (Renishaw Ltd), equipped with a 785 nm laser. Spectra were
acquired at 100% laser power (2 mW at sample) at 30 seconds and 2 accumulations.
Prior to spectral acquisition tendons were thawed at ambient temperature. Data was
collected from the tendons in the same orientation, acquiring spectra from the distal to
proximal end. An origin was set 1 cm superior to the bifurcation point (distal end) of
the tendon. Spectra were collected along the length of each tendon at 10 mm intervals,
with the spectra labelled as belonging to the proximal, middle or distal thirds for
subsequent analysis. All spectra were baseline corrected using polynomial order 7, and
vector normalized. Principal component analysis (PCA) was performed, which is an
unsupervised technique that forms linear components, and considers the data as a set,
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with classes color coded after analysis. Visualisation of the scores plot reveals any
patterns in the data, where the closer two points are the more similar they are spectrally,
and therefore biochemically, and vice versa. Univariate analysis of 1/full width and half
height of the phosphate peak was performed to determine the crystallinity of the

phosphate peaks.

6.3 Results and Discussion

With a view to understand pyomelanin-ECM interactions (e.g., potential role of the
ECM in controlling the distribution of melanin in tissues), HGA (Figure 6.1) was
polymerised (via autooxidation) in the presence of the extracellular matrix (ECM)
components (ex vivo Turkey tendon model). The polymerisation of HGA in the tendon
resulted in the coloration of the tendon due to the formation of ochronotic pigment due
to the presence of nanoscale particles of tens-hundreds of nm composed of conjugated
polymers (the formation of which is proposed to proceed via a nucleation and growth

mechanism)*® that may further aggregate to larger structures 58,

OH OH OH OH
SaVaVavs
HO HO HO HO

HO,C HO,E HO,C  HO,C

HO -
COH Polymerisation under Model melanins
e e
OH aqueous conditions polyHGA analogues (Complex polymers)
HGA OH COH OH COH
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Figure 6.1: Schematic of the polymerization of homogentisic acid (HGA) to form polyHGA, a simplified model of
pyomelanin studied herein. It is important to note that natural pyomelanin samples may contain other monomers
depending on the conditions under which they are formed in vivo.
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The average Raman spectra from the untreated (control) tendons indicate that, although
the turkeys were 20 weeks old the mineralisation status of the distal ends of the tendons
are incomplete. Specifically, from 12 to 18 weeks of age the tendons mineralise at the
proximal and then distal ends, leaving the central third non-mineralised. The spectra in
(Figure 6.2.A) have a clear phosphate peak (960 cm™) in the proximal spectra, no
phosphate peak in the central third, and a developing peak in the distal third; likewise,
the XRD patterns (Figure A.4.1, Appendices) for the untreated control tendons show
peaks between 20 31-33° characteristic of hydroxyapatite for the proximal and distal
samples, but not the mid-point. Interestingly, non-mineralised collagen (evident from
the proline peak at 920 cm™ in the Raman spectra) is more distinct in the distal compared
to the proximal spectra; furthermore, the relative amount of collagen present is higher
in the central third, compared to either end. PCA analysis of the untreated compared to
the two HGA treated groups reveals that the high concentration is more distinct and
separate from the lower concentration and untreated groups. As is demonstrated from
the spectra in (Figure 6.2.C and D), the presence of high concentration HGA led to the
collection of very noisy spectra, with none being able to be collected from the treated
distal tendon. At the point of spectral collection, the high concentration treated tendons
resulted in a saturated detector i.e., a large amount of light flooding the detector,
meaning that no measurements could be acquired. A comparison of what is happening
at each of the three areas of the tendon shows that the effect of the lower concentration
HGA on the distal tendon decreases the mineral content relatively. This is also
demonstrated in the proximal third of the tendons, to a higher extent. In the central third,
which did not contain collagen, there was less of an affect, with the spectra visually
comparable. Due to the number of samples, further multivariate analysis was not

possible. However, a comparison of 1/FWHH revealed that the untreated proximal and
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distal spectra were more mature i.e., had a higher degree of crystallinity, compared to
the tendons treated with a low concentration of HGA (data available on request). This
observation is supported by XRD data, noting that XRD patterns of the samples (Figure
A.4.1, Appendices)) suggested that with the exception of hydroxyapatite the samples
were largely amorphous at the microscale (i.e., molecular lattice, unit cell dimension
symmetry), characteristic of collagen and natural/synthetic melanins 525628 663 664
Overall, the treatment of high concentration of HGA was disruptive to the tendons to
the point where measurements could not be equally acquired from all tendons. A
comparison of untreated to low concentration HGA treatment shows, that in areas of
the tendons that are mineralised the mineral components are reduced and less mature,
potentially due to the HGA either blocking the mineral or disrupting it (supported by
XRD data). In the central region there was less of an effect, however, this warrants
further investigation with more samples, as it is known that naturally non-mineralised

collagen is affected in AKU, the condition where people have an excess of HGA.
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Figure 6.2: Raman spectra of tendons studied herein. A) Turkey tendon along the length (untreated). B) Distal section
of tendon. C) Proximal of tendon. D) Mid-point section of tendon.
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FTIR spectroscopy was used to analyse the samples studied herein which were complex
due to the variety of chemical environments (Figure 6.3, Figure A.4.2, Appendices).
The spectra for all samples showed peaks characteristic of the ECM components in
tendon, particularly the amide 1 (1620-1680 cm™), amide 11 (1510-1560 cmt), amide
[11 (1190-1320 cm™), amide A (3305 cm™) and amide B (2936 cm™) bands from the
proteinaceous content, and peaks characteristic of arginine (a strong absorption between
1688-1695cm™! from vas(CNsHs*), and a weaker absorption at 1576-1577cm™! from
vs(CN3Hs")), however, these may overlap with amide I and |1 peaks; peaks characteristic
of proline (at 1456 cm™! from 8CH>, and at 1400-1454 cm™! from vCN); and peaks
characteristic of aspartic acid (at 1729 cm™! from v(C=0) of the carboxylic acid, at
1570 cm™" from vas(COO7)). While it is plausible the peak between 850-890 cm
corresponds to the v, carbonate region (particularly at 884 cm™), and the peak between
900-1180 cm™* corresponds to the vi, v3 phosphate region of apatite (particularly at 978
cm™? and 1030 cm™), it is possible the peaks are from other functional groups in the
samples (e.g., aromatic C-H bonds). While it is easy to visually assess the presence of
polyHGA in samples due to their coloration (i.e., tendon incubated with low and high
concentrations of HGA) the spectra are convoluted due to overlapping peaks in the
region corresponding to phenolic OH, C=0 bond of the carboxylic acid functional and
aromatic C=C bonds, at 1200-1210 cm™, 1560-1570 cm*and 1500-1510 cm™,

respectively.
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Figure 6.3: FTIR spectra of tendons studied herein. A) Proximal section of tendon. B) Mid-point of tendon. C) Distal
section of tendon.
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SEM images of the samples (Figure 6.4) shows a degree of organisation of the collagen
fibrils characteristic of tendon tissue, and exposure to high concentrations of HGA and
concomitant polyHGA deposition disrupts this organisation. EDX data suggests that all
samples are mainly composed of C, N, O, P and S characteristic of proteins and other
biomolecules, with additional traces of Cl, K, Na, P from the buffer, however,

quantitative comparison not possible.

Figure 6.4: SEM. A) Proximal section of tendon (control). B) Proximal section of tendon (low [HGA]). C) Proximal
section of tendon (high [HGA]). D) Mid-point section of tendon (control). E) Mid-point section of tendon (low
[HGA]). F) Mid-point section of tendon (high [HGA]). G) Distal section of tendon (control). H) Distal section of
tendon (low [HGA]). I) Distal section of tendon (high [HGA]).
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Scanning probe microscopy uses various probes to analyse the surface of samples
enabling examination of a multitude of properties, and scanning electrochemical
microscopy (SECM) enables studies of electrochemical processes on a variety of
surfaces including for biological samples 521665668 SECM (recorded in the laboratory
of Jane Stockman in Canada) shows differences in conductivity between the samples
(Figures 6.5, 6.6 and 6.7). All samples have low background measurable conductivity
in the nA regime, and those samples prepared with a biomimetic concentration of HGA
(low), or higher concentration of HGA (high) used for accelerated studies, have a small
number of features (spikes) that are discernibly more conductive which we ascribe to

the presence of polyHGA particles embedded in the tendons.
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Figure 6.5: SECM. A) proximal section of tendon (control). B) proximal section of tendon low [HGA]). C) proximal
section of tendon (high [HGA])
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6.4 Conclusion

Herein polymerisation of a HGA in the presence of ECM components (an ex vivo turkey
tendon model), yielded conjugated polymer-based materials polyHGA in ECM. A
variety of analytical techniques (Raman, XRD, FTIR, SEM-EDX, and SECM) were
employed to examine the composites produced. The experiments revealed interesting
trends in the distribution of ECM/hydroxyapatite/melanin at different points in the
tendons, with SECM offering insights into the conductivity of the tissues which may
play arole in their electrophysiology and therefore their function. Importantly what we
have learned is the complex biological processes underpinning alkaptonuria affect the

physicochemical properties of tissues.
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{ Conclusion & Future Work

7.1 Conclusion

The aim of this PhD was to investigate melanin formation/deposition using a variety of
analytical techniques which may enhance our understanding of the deposition of
pyomelanin in vivo. This involved a detailed review of the literature describing the
application of analytical techniques to study melanins which helped identify open

questions and opportunities for research.

The first results chapter in the thesis analysed the polymerisation of homogentisic acid
(HGA) in vitro to help understand if the if the (bio)chemical environment (e.g., pH and
enzymes) play a role in the polymerisation of HGA, as this will play a role in where
AKU deposits are formed in the body. We observed some enzymes were better than
others at polymerising the HGA (peroxidase > laccase > tyrosinase = no enzyme
control), with subtle variations in yields at pH 5 or 7.4. The oxidation and reduction
peaks were not well resolved, i.e., the polyHGAs were electroactive in acidic medium
while electro-inactive in neutral medium, confirming the role of protons in the
electroactivity of the polyHGA (akin to polycatechol films, and the polyHGAs
generated in the presence of laccase at pH 7.4 or peroxidase at either pH 5 or pH 7.4

were measurably conductive.

The second results chapter in the thesis analysed the polymerisation of similar phenols
(catechol and levodopa) in vitro to understand if the (bio)chemical environment (e.g.,
monomers available) played a role in the structure of the melanins formed, and their

properties. The polymers displayed measurable conductivity, with electronic properties
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tuned by the functional groups pendant on the polymer backbones (which served as

dopants) suggesting their potential for application in electronic devices.

The third results chapter in the thesis analysed the polymerisation of HGA and DOPA
in the presence of components of the extracellular matrix (ECM) in vitro to understand
if the (bio)chemical environment (e.g., ECM available — exemplified with chondroitin
sulfate A and C) may play a role in the structure of the melanins formed, and their
properties. The melanin-ECM composites displayed measurable conductivity, with
electronic properties tuned by the functional groups pendant on the polymer backbones

(which served as dopants).

The fourth results chapter in the thesis analysed polymerisation of HGA in an ex vivo
tendon model with a view to understanding interactions between melanins and the
extracellular matrix (ECM) observing subtle differences in the composition and

distribution of ECM component, hydroxyapatite and melanin in the tendons.

7.2 Future work

The thesis offers insights into melanin formation in various contexts and opens the door
for a significant amount of future work at the interface of different disciplines. It is
widely recognised that for people with alkaptonuria, over many years homogentisic acid
slowly builds up in tissues throughout the body. The build up can happen almost
everywhere in the body, including the blood vessels, bones, cartilage, ears, eyes, heart,
nails, tendons, etc., resulting in discoloration of the tissues (typically much darker than

normal), causing a wide range of problems. Logical extrapolations in future experiments
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from this thesis include working with biologists to understand any correlation between

the biochemical microenvironment in tissues and AKU deposits formed in the body.

The first results chapter focused on the polymerization of HGA to form polyHGA (a
simplified version of pyomelanin) in the absence or presence of enzymes (a laccase,
peroxidase, or tyrosinase) at either pH 5.0 or 7.4. A variety of analytical techniques
were employed to examine the polyHGASs produced under the experimental conditions.
The experiments revealed interesting trends in the yields of polyHGAs produced with
subtle differences in their properties; notably, C-AFM data for polyHGASs showed that
those generated in the presence of LACC at pH 7.4, or HRP at pH 7.4 or 5.0,
respectively, displayed measurable conductivity. Examples of specific experiments
arising from this chapter include (but are not limited to) further studies that seek to
mimic the natural ECM environment, i.e., systematic variation of the ECM components,
enzymes (type, concentration) and/or other biochemical conditions in different tissue

niches in which it is possible to deposit pigments.

The second results chapter focused on the polymerization of a variety of phenolic
monomers (CAT, DOPA, and HGA), yielding conjugated polymers polyCAT-HS,
polyCAT-LS, polyDOPA-HS, polyDOPA-LS, or polyHGA-HS, respectively. A variety
of analytical techniques were employed to examine the polymers produced. TEM and
SEM images reported here show the structure of the polyHGA particles that have
similarities to those of polyDOPA formed in geometrically unconstrained conditions.
The significance of our findings on HGA and poly-HGA is important for the field of
Alkaptonuria, where it has long been discussed that the polymeric material that is
accumulated from HGA is a polymer derived from benzoquinone acetic acid. This has

appeared in the literature regarding the disease for many decades, with recent interest
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and advances in understanding the pathophysiological processes shedding new light on
the chemical behavior of HGA in tissues and cells. Examples of specific experiments
arising from this chapter include (but are not limited to) further studies that seek to
mimic the natural ECM environment, i.e., systematic variation of the ECM components,
monomers (a wider selection of monomer types, mixtures of monomers, concentrations,
etc.) and/or other biochemical conditions in different tissue niches in which it is possible
to deposit pigments. This might help explain why some tissues are more likely to be

pigmented than others.

The third results chapter focused on the polymerization of a variety of phenolic
monomers (DOPA or HGA) in the presence of ECM components (CSA and/or CSC),
yielding conjugated polymer-based materials polyDOPA-CSA, polyDOPA-CSC,
polyDOPA-CSA-CSC, polyHGA-CSA, polyHGA-CSC or polyHGA-CSA-CSC,
respectively. A variety of analytical techniques were employed to examine the polymers
produced. The experiments revealed interesting trends in the properties of the polymers,
notably conductivity measurement data showed the electronic properties tuned by the
functional groups pendant  on the backbones  of  both the
polyDOPA/polyHGA/CSA/CSC (which served as dopants). Examples of specific
experiments arising from this chapter include (but are not limited to) further studies that
seek to mimic the natural ECM environment, i.e., systematic variation of the ECM
components (variation of the structures of the ECM biopolymers, i.e., polysaccharides,
proteins, etc.), monomers, and/or other biochemical conditions in different tissue niches
in which it is possible to deposit pigments. The presence of other biopolymeric

components of the ECM (e.g., proteins such
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as collagen, polysaccharides such as hyaluronic acid, proteoglycans, etc.) in vitro is
expected to help us to understand if/how the biopolymers tune the properties of the

materials.

The fourth results chapter focused on the polymerization of a HGA in the presence of
ECM components (an ex vivo turkey tendon model), yielding conjugated polymer-
based materials (polyHGA in ECM) that were studied by a variety of analytical
techniques. The experiments revealed interesting trends in the distribution of
ECM/hydroxyapatite/polyHGA at different points in the tendons, with SECM offering
insights into the conductivity of the tissues which may play a role in their
electrophysiology. The conductivity of polyHGA is a novel finding in this study and
raises questions about the involvement it may have in neurological role(s) in AKU.
There is currently no evidence of significant differences in nerve conduction speeds in
patients with AKU compared to normal/control subjects, this could partly be due to the
limited number of AKU patients able to participate due to the rarity of the condition,
but likely warrants further investigation. AKU patients have been detailed with
Parkinson’s Disease in the medical literature, it is not clear whether this is above the
presence in the wider non-AKU population. There is also a growing body of literature
around the presence of ochronotic pigment in neurological tissues and those that
surround them, raising the question of whether there is any role of HGA or polyHGA
in the nervous system and presentation of multiple neurological symptoms that AKU
patients present with clinically. Examples of specific experiments arising from this
chapter include (but are not limited to) further studies that seek to study the deposition
of polyHGA in other ex vivo models to help elucidate the role of the natural ECM

environment on pigment deposition; furthermore, electrophysiology studies of
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diseased/healthy tissues to help us to understand if/how the melanins may be playing a

role in neurological disorders or other conditions associated with ageing.
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8 Appendices

8.1 Appendix

Figure A.1.1: Photographs of reaction mixtures. In each case from left to right: no enzyme control, with peroxidase,
with laccase, with tyrosinase. A) After 24 hours at pH 5. B) After 24 hours at pH 7.4. C) After 6 weeks at pH 5. D)
After 6 weeks at pH 7.4.
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Figure A.1.2: UV-vis spectra of reaction mixtures over a period of 24 hours at pH 7.4. A) no enzyme control. B)
with peroxidase. C) with laccase. D) with tyrosinase. E and F) Average peak intensity over 24 hours at 248 and 290
nm, respectively: no enzyme control (black line), with peroxidase (red line), with laccase (blue line), with tyrosinase
(green line). For the no enzyme control, reaction in the presence of laccase or tyrosinase, the peak intensity at 290
nm characteristic of HGA decreases in intensity over 24 hours, and the peak intensity at 248 nm characteristic of
BQA increases in intensity; by comparison for the reaction in the presence of peroxidase the oxidation of HGA to
BQA is very fast, as is the onset of polymerization (broad band absorption > 300 nm).
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Figure A.1.3: *H NMR of HGA in D20.
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Figure A.1.4: 'H NMR of polyHGA in D20 (no enzyme control at pH 5.0); includes trace of acetone.
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Figure A.1.5: 'H NMR of polyHGA in D20 (no enzyme control at pH 7.4).
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Figure A.1.6: 'H NMR of polyHGA in D20 (formed in the presence of tyrosinase at pH 5.0).
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Figure A.1.7: 'H NMR of polyHGA in D20 (formed in the presence of tyrosinase at pH 7.4).
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Figure A.1.8: *H NMR of polyHGA in D20 (formed in the presence of laccase at pH 5.0).
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Figure A.1.9: 'H NMR of polyHGA in D20 (formed in the presence of laccase at pH 7.4).
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Figure A.1.10: *H NMR of polyHGA in D20 (formed in the presence of peroxidase at pH 5.0).
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Figure A.1.11: *H NMR of polyHGA in D20 (formed in the presence of peroxidase at pH 7.4).
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Figure A.1.12: XPS wide scans: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA (formed in the presence of tyrosinase at pH 5.0);
E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4); H) polyHGA
(formed in the presence oferoxidase at pH 5.0); 1) polyHGA (formed in the presence of peroxidase at pH 7.4).
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Figure A.1.13: XPS C 1s core line spectra: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA (formed in the presence of tyrosinase
at pH 5.0); E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4);
H) polyHGA (formed in the presence of peroxidase at pH 5.0); 1) polyHGA (formed in the presence of peroxidase at pH 7.4).

168



s
102 T -
7o - - 3
° o 1
\ 14 e
. [N Neme  Dos  FWHM  Ares  SoAres "’r ame Lol W
n Bos. Area A pei o =a
0= 532% 200 388141 2208 JAN Y A O=C 53182 130 1TMEO0: €300 g B B s T
SC 53346 200 1016048 7791 ; ' 1z SC 53310 130 51334 1922 }’ \ I o 53308 177 35 5517
{ ©O1s 53813 281 421753 1578 i 1
{ o 4 14
50 | % . Py | s 33540 400 2053353 1448
i v 10. 40 \
g i £ f ® \
G f % =] h 4 & / \
! \ s i \ ~ / o4,
/ i / | / \
0 1 . o \
/ o=c, \
34 20 / %
2 / b - o1 Y \
y \ B o1s \
N . & \ ~ —~ D - 3
S N 2 e T T o < Y NV s
54 538 sk sds si0 s 532 v . | . T— S
Binding Energy (eV) Binding Ensegy (=V) . % prctna Enemv (v =
o1 o o1s
210% w10 2107
1 - = 5.
°
80 “ a8 g
AN Name Pos  FWHM Aes  aves N “*
I Neme Pos FWHM A thAres £ - = be \ Name Pos FWHM Ares  %%Area
50] 0. 23388 138 541938 1581 7 D “w. O=C 33& 173 amesz dese pe ) E) sw. O-C 33199 200 302847 257 fos \ F
. oc X 7 1 * b < ocC 33338 200 715257 8072 | \
. Of: 53500 283 60216 455 K {y - Q= 53mET 381 zess 103 i A ©Ots 53500 385 156831 1357 { \
be ! \ \ 35. /’ \\
; }
0. / oy @ s 0=§ / \
g i I 3 )/ \ ® % / \
§ ] I Y = /
/ 2 f \ - {
f 1y /
0. ; j ) &
A p=c\
20 ! s / \
/ / 3 20t / \
- 15 / Y 7 \
20 / 3 15
7 \ 2T o \ o1s
- o AN Y 10, G S SN s _ . 10_ P
e BT N . . i — == — 8
x 1 ‘ N ’ ! X 544 540 536 532 1 L
544 520 535 532 544 540 536 532
Binding Encray (V) Binding Eneray (V) Binding Energy (eV)
o1s - = = = & Z O1s
N
3
12X 10 ? 80 2102
= =
5 so_ 2 o
e 2 ® A
10 £\ prs la z
Name Pos Area  SoArea 2\ 2 Neme PAHM  Ares  %Area A
S22 saTe0 183 srossr 3ves P\ G Name Pos FWHM Ama  %Awms b\ BoT° avas Ther siczes 3rar be\
OO 53322 183 1544520 5622 : \ = 9C Dn 18 yne N I\ =~ 5C 53310 167 896623 4798 77\ \
Ois 53500 342 332333 1210 H = } % S Y ] \
. . ]’ \ SC, Sk 18 e sk ! \ O1s 63500 383 461919 2471 { \
\ \
| 352 I . / \
@ { 3 / \
£ \ 22 £ { \
o f o= g { oy / o}
! % J \ 40
F; \ 252 / \
/ \ / \ \
- 20° Y 30 \
i\ V4 \ o4 \
% 15 L% % 20. o :
P O e \ . I ¢ % Trpes . o \
- ——— e Sy 10, e e S A Rt \ - S W D SN
sia H 536 sz T T —— — . 1 =
Binding Enargy (aV) sa4 540 536 s32 544 540 s35 532
Sinding Energy (V) Sinding Energy (eV)

Figure A.1.14: XPS O 1s core line spectra: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA (formed in the presence of tyrosinase
at pH 5.0); E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4);
H) polyHGA (formed in the presence of peroxidase at pH 5.0); 1) polyHGA (formed in the presence of peroxidase at pH 7.4).
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Table A.1.1: Summary of XPS data (C 1s and O 1s) for HGA.

Functionality Average Normalized
[%] % Content:
Content normalized
Measured to O-C=0
for for C 1s,
HGA and to O=C

for O 1s.

C1ls)C-C 52.24 +0.96 2.23

C1s)C-0 20.44 +0.64 0.87

C 1s) C=0 1.00 £0.95 0.04

C 1s) O-C=0 23.40 £1.90 1.00

C 1s) pi-pi 2.92 £0.57 0.12

0 1s) 0=C 65.74 £ 0.66 1.00

0 1s)O-C 18.00 £ 1.50 0.27

O 1s) NaKLL 16.27 £1.29 0.25
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Table A.1.2: Summary of XPS data (C 1s and O 1s) for polyHGA (no enzyme control)

Functionality Average Normalized Average Normalized
[%] % Content: [%] % Content:
Content normalized Content normalized
Measured to O-C=0 Measured to O-C=0
for for C 1s, for for C 1s,
PolyHGA and to O=C PolyHGA and to O=C
formed at for O 1s. formed at for O 1s.
pHS.0. pH7.4.

Cls)Cc-C 52.24 +0.96 2.23 4398 +2.11 4.98

C1s)C-O0 20.44 +£0.64 0.87 29.11+1.17 3.30

C1s)C=0 1.00 £ 0.95 0.04 9.55 +0.57 1.08

C 1s) 0-C=0 23.40£1.90 1.00 8.83+0.64 1.00

C 15s) pi-pi 2.92+0.57 0.12 8.53+0.51 0.97

0 1s) O=C 65.74 £ 0.66 1.00 32.71+8.40 1.00

0 1s) O-C 18.00 + 1.50 0.27 56.96 £ 9.25 1.74

O 1s) NaKLL 16.27 £1.29 0.25 10.33£0.54 0.32

171



Table A.1.3: Summary of XPS data (C 1s and O 1s) for polyHGA formed in the presence of tyrosinase.

Functionality Average Normalized Average Normalized
[%] % Content: [%] % Content:
Content normalized Content normalized
Measured to O-C=0 Measured to O-C=0
for for C 1s, for for C 1s,
PolyHGA and to O=C PolyHGA and to O=C
formed at for O 1s. formed at for O 1s.
pH 5.0. pH 7.4.

Cls)Cc-C 64.25 +3.12 6.62 48.96 +5.62 4.24

C1s) C-O 21.08+1.21 2.17 27.17+2.22 2.36

C1s)C=0 4.45+2.33 0.46 6.83+0.81 0.59

C 1s) 0-C=0 9.71+0.85 1.00 11.53+0.68 1.00

C 1s) pi-pi 0.51 £0.45 0.05 5.51+1.98 0.48

0 1s) O=C 56.76 £2.78 1.00 40.60 £5.51 1.00

0 1s) O-C 40.18 £ 1.77 0.71 53.52+2.72 1.32

O 1s) Na KLL 3.39+0.84 0.06 5.88 +3.15 0.14
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Table A.1.4: Summary of XPS data (C 1s and O 1s) for polyHGA formed in the presence of laccase.

Functionality Average Normalized Average Normalized
[%] % Content: [%] % Content:
Content normalized Content normalized
Measured to O-C=0 Measured to O-C=0
for for C 1s, for for C 1s,
PolyHGA and to O=C PolyHGA and to O=C
formed at for O 1s. formed at for O 1s.
pH 5.0. pH 7.4.

Cls)c-C 38.58 +1.61 4.08 43.68 £0.77 3.89

C1s)C-0 32.30+0.15 341 32.00£2.19 2.85

C1s)C=0 9.89+0.34 1.05 8.31+1.23 0.74

C 1s) O-C=0 9.46 +0.07 1.00 11.23 £0.92 1.00

C 1s) pi-pi 9.68+1.71 1.02 479+£1.33 0.43

O 1s) 0=C 2849121 1.00 33.47 £551 1.00

0 1s) O-C 61.37 £2.22 2.15 5791 +6.61 1.73

O 1s) NaKLL 10.15+1.03 0.36 8.62 +1.37 0.26

Functionality Average Normalized Average Normalized

[%] % Content: [%] % Content:



Table

Content normalized Content normalized
Measured to O-C=0 Measured to O-C=0
for for C 1s, for for C 1s,
PolyHGA and to O=C PolyHGA and to O=C
formed at for O 1s. formed at for O 1s.
pH 5.0. pH 7.4.

Cls)Cc-C 4748 +1.49 6.06 37.36 £5.72 4.08

C1s)C-O 28.94 +4.63 3.69 29.09 £ 0.46 3.18

C1ls) C=0 490 £0.52 0.63 14.89 £ 5.54 1.63

C 1s) O-C=0 7.83+£0.51 1.00 9.16 +3.19 1.00

C 1s) pi-pi 7.86 £0.61 1.00 9.49+277 1.04

O 1s) 0=C 32.64 +£0.69 1.00 29.59 +£0.92 1.00

0 1s) O-C 55.53+0.39 1.70 52.26 +4.18 1.77

O 1s) NaKLL 11.83 £0.97 0.36 18.15+3.48 0.61

A.1.5: Summary of XPS data (C 1s and O 1s) for polyHGA formed in the presence of peroxidase.
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Figure A.1.15: SEC data for various samples. A) Blank control. B) PolyHGA (no enzyme control at pH 5.0). C)
PolyHGA (no enzyme control at pH 7.4). D) PolyHGA (formed in the presence of tyrosinase at pH 5.0). E) PolyHGA
(formed in the presence of tyrosinase at pH 7.4). F) PolyHGA (formed in the presence of laccase at pH 5.0). G)
PolyHGA (formed in the presence of laccase at pH 7.4). H) PolyHGA (formed in the presence of peroxidase at pH
5.0). I) PolyHGA (formed in the presence of peroxidase at pH 7.4).

Figure A.1.16: SEM and EDX data for polyHGA (no enzyme control at pH 5.0). A) SEM-EDX layered image (scale
bar represents 25 um). B) EDX spectrum.
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Figure A.1.17: SEM and EDX data for polyHGA (ho enzyme control at pH 7.4). A) SEM-EDX layered image (scale
bar represents 25 um). B) EDX spectrum.
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Figure A.1.18: SEM and EDX data for polyHGA formed in the presence of tyrosinase at pH 5.0.
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Figure A.1.19: SEM and EDX data for polyHGA formed in the presence of tyrosinase at pH 7.4.

IENnEEE

T

Figure A.1 20: SEM and EDX data for polyHGA formed in the presence of laccase at pH 5.0.

Figure A.1.21: SEM and EDX data for polyHGA formed in the presence of laccase at pH 7.4. A) SEM-EDX layered
image (scale bar represents 25 um). B) EDX spectrum.



Figure A.1 22: SEM and EDX data for polyHGA formed in the presence of peroxidase at pH5.0. A) SEM-EDX
layered image (scale bar represents 25 um). B) EDX spectrum.

e

Figure A.1.23: SEM and EDX data for polyHGA formed in the presence of peroxidase at pH7.4. A) SEM-EDX
layered image (scale bar represents 25 um). B) EDX spectrum.
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Figure A.1.24: High magnification SEM images. A) polyHGA, no enzyme control at pH 7.4 (scale bar represents
100 nm). B) polyHGA formed in the presence of tyrosinase at pH 7.4 (scale bar represents 100 nm). C) polyHGA
formed in the presence of laccase at pH 7.4 (scale bar represents 100 nm). D) polyHGA formed in the presence of
peroxidase at pH 7.4 (scale bar represents I um). Figure A.1.26. Experimental EPR spectrum of polyHGA generated
in the absence of enzymes at pH 7.4, (black) and simulation (red). The simulation included a broad C-centered
component (g = 2.0034, Voigtian line shape with peak-to-peak width 4.3 G, 93.8%) and a sharper semiquinone
radical (g = 2.0039, Gaussian line shape with peak-to-peak width 2.7 G, 6.2%).
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Figure A.1.25: FTIR spectra of dialyzed polyHGA isolated after 6 weeks of reaction at pH 5.0 and pH 7.4, generated

in the absence of enzyme (no enzyme control) or presence of enzyme (laccase [Lacc], peroxidase [HRP], tyrosinase
[TyrD).
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Figure A.1.26: Experimental EPR spectrum of polyHGA generated in the absence of enzymes at pH 7.4, (black) and
simulation (red). The simulation included a broad C-centered component (g = 2.0034, Voigtian line shape with peak-
to-peak width 4.3 G, 93.8%) and a sharper semiquinone radical (g = 2.0039, Gaussian line shape with peak-to-peak

width 2.7 G, 6.2%).
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Figure A.1.27: Experimental EPR spectrum of polyHGA generated in the presence of laccase at pH 7.4, sample
(black) and simulation (red). The simulation included a broad C-centered component (g = 2.0034, Voigtian line
shape with peak-to-peak width 4.5 G, 95.2%) and a sharper semiquinone radical (g = 2.0039, Gaussian line shape
with peak-to-peak width 2.7 G, 4.8%).
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Figure A.1.28: Experimental EPR spectrum of polyHGA generated in the presence of tyrosinase at pH 7.4, sample

(black) and simulation (red). The simulation included a broad C-centered component (g = 2.0036, Voigtian line
shape with peak-to-peak width 4.4 G, 96.1%) and a sharper semiquinone radical (g = 2.0039, Gaussian line shape

with peak-to-peak width 3.0 G, 3.9%).
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Figure A.1.29: Cyclic voltammograms of polyHGAs. A) PolyHGA (prepared in the presence of tyrosinase at pH 5.0)
at pH 5.0. B) PolyHGA (prepared in the presence of tyrosinase at pH 7.4) at pH 7.4. C) PolyHGA (prepared in the
presence of laccase at pH 5.0) at pH 5.0. D) PolyHGA (prepared in the presence of laccase at pH 7.4) at pH 7.4. E)
PolyHGA (prepared in the presence of peroxidase at pH 5.0) at pH 5.0. F) PolyHGA (prepared in the presence of
peroxidase at pH 7.4) at pH 7.4.
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Figure A.1.30: Conductive probe AFM setup.
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Figure A.1.31: 1-V curves for the polyHGA generated in the presence of tyrosinase at pH 5.0. Data courtesy of
Angelo.
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Figure A.1.32: I-V curves for the polyHGA generated in the presence of tyrosinase at pH 7.4
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Figure A.1.33: I-V curves for the polyHGA generated in the presence of laccase (LACC) at pH 5.0.
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Figure A.1.34: 1-V curve for the polyHGA generated in the presence of laccase (LACC) at pH 7.4.
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Figure A.1.35: 1-V curve for the polyHGA generated in the presence of peroxidase (HRP) at pH 5.0.
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Figure A.1.36: I-V curve for the polyHGA generated in the presence of peroxidase (HRP) at pH 7.4.
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Figure A.2.2: 'H NMR of L-DOPA (red), polyLDOPA-HS (blue) and polyLDOPA-LS (green) in D20.
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Figure A.2.3: *H NMR of HGA (red) and polyHGA-HS (bluge) in D20.
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Figure A.2.4: XPS spectra. A) polyCAT-HS wide scan. B) polyCAT-LS wide scan. C) polyDOPA-HS wide scan. D)
polyDOPA-LS wide scan. E) polyHGA-HS wide scan.
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Figure A.2.5: X-ray diffractograms of samples studied herein.
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Figure A.2.6: FTIR spectra of monomers and polymers. A) CAT, polyCAT-HS and polyCAT-LS. B) DOPA,
polyDOPA-HS and polyDOPA-LS. C) HGA and polyHGA-HS.
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Figure A.2.8: Cyclic voltammograms of monomers and polymers studied herein. A) DOPA pH5. B) DOPA pH 7.4.
C) polyDOPA-HS pH 5. D) polyDOPA-HS pH 7.4. E) polyDOPA-LS pH 5. F) polyDOPA-LS pH 7.4.
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Figure A.2.9: Cyclic voltammograms of monomers and polymers studied herein. A) HGA pH 5. B) HGA pH 7.4. C)
polyHGA-HS pH 5. D) polyHGA-HS pH 7.4.



8.3 Appendix
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Figure A.3.1: X-ray diffractograms of samples studied herein.
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Figure A.3.2: FTIR spectra of monomers and polymers studied herein (full spectrum).
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Figure A.3.4: Cyclic voltammograms of polymers studied herein. A) polyDOPA-CSA pH 5. B) polyDOPA-CSA pH
7.4. C) polyDOPA-CSC pH 5. D) polyDOPA-CSC pH 7.4. E) polyDOPA-CSA-CSC pH 5. F) polyDOPA-CSA-CSC

pH 7.4.
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8.4 Appendix
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Figure A.4.1: X-ray diffractograms of samples studied herein. A) Proximal section of tendon. B) Mid-point of tendon.
C) Distal section of tendon.
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Figure A.4.2: FTIR spectra of tendons studied herein. A) Proximal section of tendon. B) Mid-point of tendon. C)

Distal section of tendon.
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