THE INFLUENCE OF CARBON-OXYGEN SURFACE GROUPS AND
A WATER-MISCIBLE PRIMARY ALCOHOL ON THE
VOLTAMMETRIC DETECTION OF BOVINE HEMOGLOBIN
IN AQUEOUS ELECTROLYTE USING CARBON ELECTRODES

Justin L. Tom

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
October 2017

© Copyright by Justin L. Tom, 2017



Table of Contents

LSt OF TADIES ..cueeiieiieieeieeee ettt st viii
LIST OF FIGUIES ...veeeiiieeieeeee ettt ettt ettt e et e et e e e sbeeesseeenseeesnseeennseeennneenns X
AADSTIACE ..ottt ettt ettt et h ettt b bt e sttt saeen Xviil
List of Abbreviations and Symbols Used ...........cccviiviiiiiciiieiiie e XiX
ACKNOWIEAZEIMENLS.....cuviiiiieiiieiieeie ettt ettt ettt e be bt essaeebeessaeenseesnseenseas XX1
Chapter 1 INtrodUCHION ....cuviiiiiie ettt et e e sre e e e e e sveeesraeeeaseeenneeenens 1
Chapter 2 Back@round ............occueeiiiiiiieiiieiii ettt et eba e e ssseennnes 5
2.1 Bovine HemoOglODIN .....c..coiiiiiiiiiiiieeee e 5
2.2 Electrochemically Sensing Hemoglobin...........ccceeviieiiiiiiiiiieiiieiiecieeieeeee e 7

2.2.1  Mediated Electron Transfer ..........ccccoouieiiiiiieiienieeieeeeee e 8

2.2.2  Hemoglobin on Modified Electrodes with Metal Oxides, Nanomaterials, or

Layered STIUCLUTES .....ccccuvieiiiieiiieeciie ettt ettt etr e e st ee e seaeeesbeeenseeeaneas 9
2.2.3  Denaturation of HEmoglobin .........cccceoieviiiiiniiniiiiiiiiccicecceceee 12
2.2.4  Electrochemistry of Hemoglobin on Silver Electrodes ..........c..cccccecueneeee. 14
2.2.5  Electrochemistry of Hemoglobin on Carbon Electrodes ...........cc..cccocne.e. 14
2.3 Overview of Relevant Electrochemical Techniques...........c.cccecvvevvieeenieeenieeennen. 16
2.3.1  Cyclic VOItAMMEIIY .....couviiiieiiniiiiieieeteieeeeeesie et 16
2.3.2  Differential Pulse Voltammetry.........cccooveviriininiiniiniecieceeeeeceeee 17
2.4  Carbon Surface Oxide Characterization Techniques.........c.cccoevvuerienericnieneenns 19
2.4.1  Temperature Programmed Desorption..........cccueeevveeeciieenciieenieeeeiee e 19

2.4.2  Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy... 20
2.43  X-ray Photoelectron SPectroSCOPY ..cccveeerireeriiieeiiieeeiieeeiieeeieeeevee e 22

il



2.5 Measuring the Thickness of Thin Protein Films........cccccoceviininiinieniniiniiieee 24

2.5.1  Spectroscopic EIIPSOMELIY .......ccccuiieiiiieiiieeiieeie et e 24
2.5.2  AtomicC FOTCE MICTOSCOPY .vveerurieereiieeiiieeeieieeeireessreesseeesseeessseesssseessssessnnns 27

2.6 Characterizing Hemoglobin in SOIUtion ..........ccceeevcvieeriieeiiie e 28
2.6.1  Ultraviolet-Visible SPectroSCOPY .....ueerriervierieriieriieeieenieeteenieeeveenereeveens 28
2.6.2  FIUOTESCENCE ....eevieniienieiieieeie ettt ettt ettt ettt 29
Chapter 3 Experimental Methods ..........ccccuiieiiiieiiiiciiccecee e 31
3.1  Electrochemical EXPEriments ..........cccccveriieiiierieeiiienieeieenieeieesieeeneesenesveesnne e 31
3.1.1  Cyclic Voltammetry & Differential Pulse Voltammetry .............ccccceuenee 32
3.1.2  Different Carbon Materials as a Working Electrode ............ccoccecerienennnen. 33
3.1.2.1 Pencil Working Electrodes ..........coceevueriiniiicniiniiiincneeicnicieees 33
3.1.2.2 Carbon Powder Working Electrodes ..........c.ccoceeveriieniinenicniiencnnne. 34
3.1.2.2.1 Microcavity EIectrode ..........cccceeviieviieiiieiieeieccieecie e 35

3.1.2.3 Carbon Fabric as a Working Electrode...........ccccoceevvieniiiiienieeneenen. 38

3.1.3  Modification of Carbon-Oxygen Surface Groups.........ccccceeerveerrveeennveennne. 38

3.1.3.1 Removal of Black Pearls 2000 Surface Functionalities by the use of
Heat Treatment........cooiiiiiiieiiieeeeeee ettt st 38

3.1.3.2 Modification of Surface Functionalities of Vulcan XC-72 by the use of
Electror@dUCHION .......coouiiiiiiiiieiieieee et 39

3.1.33 Modification of Surface Functionalities of Carbon Fabric by the use of
Electror@dUCTION .....c..eiuiiiiiiieiieiccere et 40

3.1.4  Electrochemical Activity of Nafion-immobilized Bovine Hemoglobin on a
Glassy Carbon EIectrode.........cccuiieiiiiiiiiiiiieeeeeeee ettt e 40

3.1.5  Effects of Aqueous-alcohol Electrolyte on the Electrochemical Reduction
of Bovine Hemoglobin using a Glassy Carbon Electrode ...........cccccecenerviiniencnnnen. 43

il



3.1.5.1 Influence of Oxygen in Phosphate Buffer Electrolyte during
Electrochemical EXPEeriments...........cccuuieeiuiieeiiieeeiieeeiee et sieee e 45

3.1.6  Electrochemical Activity of Bovine Hemoglobin Films Formed on a Glassy

Carbon EIECLIOAE .......coviiiiiiiiieiieiieeee et 45
3.2 Characterization of Carbon-Oxygen Surface Functional Groups.............cceeun...... 46
3.2.1  X-ray Photoelectron Spectroscopy (XPS) ....coooueeiieiiiiiiiiiiiieieeeee 46
3.2.1.1 Preparation of Carbon Samples for XPS .......ccccooviiiiiiiiiiiieieeee, 47

3.2.2  Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATRAFTIR) ettt sttt ettt sttt ettt et st saeenae s 48
3.2.3  Temperature Programmed Desorption (TPD) ........ccccoocevviiiiniiiiniinceene 48
3.3 Scanning EIectron MiCTOSCOPY .....cccveevieruieeirieniieeiienieeieenireereesseeeseessneesseessseenne 49
3.4  Hemoglobin Film Thickness Measurement.............cccceeecueerieriiienieenieeniesieeseenne 50
34.1  Atomic Force MicroSCopy (AFM) ....ccoevviieiiieriieiienie e 50
3.4.2  Spectroscopic EIIPSOMELIY ......ccccovieiiiriiiiieiieeieerie e 51

34.2.1 Examining Hemoglobin-adsorbed Glass by the use of UV/Vis
SPECIIOSCOPY -veeeuvvteeuiieeiiiee ettt e et e e st e ettt e ettt e ettt e st e e s bt eesabeeesabeeeabeesnseesnneeas 52

3.4.2.2  Examining Hemoglobin-adsorbed Glass by the use of Fluorescence. 53

3.5  Characterization of Bovine Hemoglobin in Aqueous-alcohol Electrolyte ............ 53
3.5.1  UV/VIS SPECLIOSCOPY .cuveeeurieiieitieniieeieenieeeteesieeeteesieesteesseeeseesseesseesseeenne 53
3.5.2 FIUOTESCEICE ....eoueeeiiieiiieiieeiee ettt ettt sttt et e 54

Chapter 4 The Influence of Carbon-Oxygen Surface Functional Groups on the

Electrochemical Detection of Bovine Hemoglobin ...........cccceeriiniiiiniiniininiinieieee 55
4.1 INEEOAUCTION ...ttt ettt ettt et e be e st e sbeeeaeeens 55
4.2 Hemoglobin on a Pencil Electrode ............ccoooiieiiiiiiiiiieieiiieeeicee e 57
4.3  Platinum Microcavity Electrode ...........ccceevviiieriieiriiieecieecee e 58
4.4  Electrochemical Detection of BHb using Carbon...........c.cccecueevieiiiieniieniienieeens 61

v



4.5  Consideration of Structural Differences in Carbon Electrode Materials on
the Electrochemical Activity Of BHD........ccooiiiiiiiiiiieieeceeeee e 64

4.6  Carbon-Oxygen Surface Functionality Characterization of Carbon
Powder Electrode Materials..........cccooiiiiiiiiiiiieie et 66

4.6.1  Carbon-Oxygen Surface Functional Groups Identified by the use of TPD 69

4.6.2  Carbon-Oxygen Surface Functional Groups Identified by the use of
ATRAFTIR ettt ettt 74

4.6.3  Carbon-Oxygen Surface Functional Groups Identified by the use of XPS 76

4.6.4  Discussion of BHb Electroactivity in regards to Identified Carbon-Oxygen

Surface FUNctional GIOUPS .........cccueeriieeiieiiieiieeiteeie ettt et e esre e 81
4.7  Modification of Black Pearls 2000 by the use of a Heat Treatment...................... 82
4.8  Modification of Carbon by the use of Carbonyl C=0 Removal..............cccoceueeeeen 85
4.8.1  Electrochemistry of BHb on Spectracarb 2225 .........c.cccceeviiiniieciienieennn, 86

4.8.2  Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb
2225 by the use of Temperature Programmed Desorption ............ccccceeveeeiienienin. 87

4.8.3  Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb

2225 by the use of ATR-FTIR ....ooiiiiiiiiieeee e 89
4.84  Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb

2225 by the use Of XPS ..o 90
4.8.5  Electrochemical Reduction of Spectracarb 2225.........cccccoceviiriininicnnenne. 93

4.8.6  Electrochemical Reduction Modification of a Vulcan XC-72 Aqueous
N0 1S 113 T ) 1 RS 93

4.8.7 Surface Characterization of Ultrasonicated/Reduced Vulcan XC-72......... 99

4.9  Effectiveness of Detecting Different BHb Concentrations............ccceceeveeennennee. 102
410 CONCIUSIONS....ceuiiiinieiiitet ettt ettt ettt et be e sabeesbeeeaaeenaees 106
Chapter 5 Enhanced Electrochemical Detection of Bovine Hemoglobin using a

Glassy Carbon Electrode by Adding an Alcohol...........cccovvieiiiiiiiiinieee e, 109
5.1 INrOAUCHION .c..citiiiiiiieiieteetet ettt st 109



5.2 Differences in BHb Electrochemistry by Nafion Preparation ..............ccccccueneen. 110
5.3 Nafion on Glassy Carbon as a Barrier to BHb..........cccccocvviniiiniiiiiieeee 113

5.4  Impact of Methanol, Ethanol, and 1-Propanol on the Electrochemical
Reduction of Bovine HEMOGIODIN .........ooiviiiiiiiieiieee e 116

5.5  Nafion-immobilized BHb and Alcohol-exposed BHb have Additive

Enhancements to the Electrochemical Reduction of BHb ..., 127
5.6 CONCIUSIONS ....eiutiiuiiiietieie ettt ettt ettt ettt sttt ettt e bt ettt e bt e b e eaeesaeenees 130
Chapter 6 Mechanisms for the Improved Electrochemical Response of Bovine

Hemoglobin in Aqueous-alcohol Electrolyte...........cccoviieviiiniiiiiieniieiiecieeieeeeeeeee 132
6.1 INITOAUCTION ...ttt et ettt et e it e et esieeenneens 132

6.2  Changes in Carbon-Oxygen Surface Groups after Alcoholic Exposure as

a Possible Source of Increased BHb Electroactivity.........c.ccceeeveeieniencnicneencnicneenne. 133

6.3  BHD Film Formation on Carbon as a Possible Mechanism for the

Improved BHD EleCtroactiVIty .........coieeiiiiiiiieiieeiie ettt 137
6.3.1  BHb Film Formation on Glassy Carbon............ccccoeevervieriienciieniienieeiene 138

6.3.2  Film Thickness Estimates from the use of Atomic Force Microscopy..... 140
6.3.3  Film Thickness Estimates from the use of Spectroscopic Ellipsometry... 142
6.3.3.1 Spectroscopic Ellipsometry Model Considerations.......................... 143
6.3.3.2 Protein Film Thickness from the use of Spectroscopic Ellipsometry147

6.4  Structural BHb Changes as a Possible Mechanism for its Increased
Electrochemical ACHIVILY ....ueeeiiiiiiiieiiiiecie ettt e 155

6.4.1  Probing BHbD for Structural Changes near Heme and Tyrosine Residues in
Aqueous-alcohol Electrolyte by the use of UV/Vis Absorption Spectroscopy ...... 157

6.4.2  Examining BHb for Structural Protein Changes in Aqueous-alcohol
Electrolyte by the use of FIUOTESCENCE .......cceeevvieriiieiieiieeiieeeeeee e 163

6.4.3  Consideration of Structural Changes in BHb and its Electrochemistry.... 168

6.5  Dominant Mechanisms Affecting the Electrochemical Activity of BHb in
Aqueous-alcohol EISCIIOLYE........cccuiiiiiiieeiieeciie et 170



0.0 CONCIUSIONS ..o, 175

Chapter 7 Conclusions and Future Work...........ccccoeviiiiiiiiiciiee e, 177
T.1 CONCIUSIONS ...ttt ettt ettt ettt b et st e sbe et e e saeenees 177
7.2 FULUIE WOTK oottt e e et e 181
RETETEICES ...ttt sttt st 184
Appendix A Copyright Agreement for Reproducing Figure 4.1b.........cccccvvvveveeennnnne. 198
Appendix B Copyright Agreements for Chapter 4 .........c.cocveevvieniieiiienieecieenie e 203

vii



List of Tables

Table 2.1. A simplified table illustrating the identification of several different

carbon-oxygen surface groups on carbon by the use of TPD adapted from the work

of Figueiredo et al.”?

Table 4.1 Quantification of carbon surface oxides from integrating TPD mass

spectrometry data. The reported results are an average of three replicates with one
Standard deVIALION. ........cc.eiiiiiiiiiiierie ettt

Table 4.2 A tabulated summary of C-O and C=0 surface groups for each as-
received carbon powder based on fitted O1s XPS spectra. Each entry listed in the

table contains the relative percent surface concentration based on integration under
the fitted peak, the full width at half maximum, and the center position of the fitted
peak. Errors in the relative percent surface concentration were estimated using one

standard deviation calculated from Monte Carlo simulations assuming a normal

QISTIIDULLION. e ettt e e e et e e e e e e e e e e e e e e aeaeeeeeaeaae e aaeaeeeeeraeaaeaaaaaaeeenaae

Table 4.3 A tabulated summary of different surface groups represented by the
corresponding fitted peak in the Cis XPS spectra for each as-received carbon
powder. Each entry listed in the table contains the relative percent surface
concentration based on integration under the fitted peak, the full width at half

maximum, and the center position of the fitted peak.........c.cccccvvieiiiiniiiiiiiiiieeeies

Table 4.4 A summary of possible carbon surface oxides identified using TPD,

ATR-FTIR, and XPS. ..ottt st

Table 4.5 A summary of tabulated Cis XPS results from peak fitting Spectracarb
2225. The listed values are the relative surface concentration, full width at half
maximum, and the center of the fitted peak position for each fitted peak

representing a different surface group. .......cccccecvevieiiiiiiiiiniiie

Table 4.6 Summary of results after fitting the C1s XPS spectra for as-received,
ultrasonicated, and ultrasonicated/reduced forms of Vulcan XC-72. Each entry
listed in the table contains the relative percent surface concentration based on
integration under the fitted peak, the full width at half maximum, and the center
position of the fitted peak. Monte Carlo simulations were employed to estimate
one standard deviation errors when calculating the relative percent surface

v 12

e 18

... 81

.. 82

... 92

concentrations of C-O, C=0 and COOR roups. ........cccecvrerirreerireeeniieenieeerieeevee e 101

viii



Table 6.1 A summary of fitted peaks representing different surface groups from

Cis XPS data for each alcohol treatment used on glassy carbon. Each entry listed in

the table contains the relative surface composition based on integration under the

fitted peak, the full width at half maximum, and the center position of the fitted

peak. The associated fitting errors for the carbon surface oxides were estimated

using one standard deviation assuming a normal distribution from Monte Carlo
SIMULALIONS. ...ttt ettt ettt et e s bt et st e sbeebeeneesaeenees 136

Table 6.2 A summary of the BHD film thickness and estimated number of BHb

layers on glassy carbon obtained using spectroscopic ellipsometry and a Cauchy

and B-spline two-layer model. Errors in the thickness were estimated based on a

90% confidence INLETVAL ......c..covuiiiiiiiiiiiereee et 152

1X



List of Figures

Figure 2.1 A crystal structure of BHb obtained from the Protein Databank

(identifier IHDA) illustrating its globular structure and the four subunits (a and

b).>*3 The amino acid residue side chains were removed to more clearly indicate

the location of the heme structures in the protein (b). A close-up illustration of one

of four heme structures in BHb showing the four bound nitrogen atoms (blue) in the
porphyrin ring and one nitrogen atom from a histidine residue coordinated (black)

to the Fe atom (red sphere) (c). All images were produced using the software
ChIMETa. 35 oottt 5

Figure 2.2 Illustration of Trp residues (a) and Tyr residues (b) with their
approximate distances to the nearest heme group in BHb with the same positions as
those shown in Figure 2.1. The remaining protein structures and amino acid
residues were removed for clarity. These illustrations were produced using the

SOTEWATE CIMETA. ¥ oo e e e e e e e e e s e s s e s e e e e e e e easenesennn 6

Figure 2.3 An illustration of the applied potential during a cyclic voltammetry
(4 01578111111 | SO RURRRRUPRRRRPR 17

Figure 2.4 A simplified diagram illustrating how differential pulse voltammetry
operates. Note that in a differential pulse voltammetry experiment, several more
PUlSES are PETTOIME. ......eeiieiiieiieeeiee ettt e e e e e b e e b e e e araeeaaeas 18

Figure 2.5 A diagram illustrating the evanescent wave probing a sample when
internal reflection of infrared light occurs. This figure has been adapted from

TETRIENCE 120, .. it 21
Figure 2.6 A simplified illustration of an AFM instrument............ccccceceerienervienneneenenn 27
Figure 3.1 A close-up schematic view of a platinum microcavity electrode.................... 36

Figure 3.2 A diagram reproduced and modified from reference 159 outlining the
Swagelok setup used for the electrochemical examination of Spectracarb 2225
CATDON TADTIC. ..einiiiiiiiiii ettt ettt e ettt e e 38

Figure 3.3 A top to bottom layered view and a side view of the Swagelok setup
used as an electrochemical cell for studying the effects of solid Nafion on the
electrochemical activity of BHb on a glassy carbon electrode. ...........coocvveeeviiiniiennens 42

Figure 3.4 A photograph of the Swagelok cell for studying the electrochemical
activity of solid Nafion-immobilized BHb on a glassy carbon electrode.......................... 42



Figure 4.1 (a) CVs of Rotring 505210N pencil before (black dotted curve) and
after modification with HHb (solid red curve) with red arrows indicating the
location of the expected hemoglobin redox peaks. (b) Published literature CVs of a
similar Rotring 505210N pencil before (cycle a) and after HHb immobilization
(cycle b) from Majidi et al. Electroanalysis 2011, 23, 1984-1990, reproduced with

permission fOor COMPATISON PUIPOSES. ....veeerveeererreerireeeireerirreeessreessseeesseeesseeessseeensseesnns

Figure 4.2 Representative cyclic voltammograms (a) and differential pulse
voltammograms (b) of a clean microcavity electrode exposing only platinum to the
0.1 M PB (pH 7.08) electrolyte without (dotted black curves) and with 0.2 g L™!

BHD (SOLid T€d CUIVES). ..eeiiiiiieiiieciie ettt ettt et e et e e et eeenaeeeeaee e

Figure 4.3 CVs (left column: a, c, e, g) and DPVs (right column: b, d, f, h) of
graphite (a and b), glassy carbon (¢ and d), Vulcan XC-72 (e and f) and Black
Pearls 2000 (g and h) in 0.1 M PB without (dotted curves) and with (solid curves)

0.2 LT BHD. oottt

Figure 4.4 CVs of Vulcan XC-72 (a) and Black Pearls 2000 (b) in 0.1 M PB before
(dotted curves) and after (solid curves) injection of BHb-free PB into the

electroChemiCal CEIL. ...oooiiiiiiiiii

Figure 4.5 XPS spectra showing that only carbon and oxygen were detected on the
four carbon powders used in this thesis: Black Pearls 2000 (black), Vulcan XC-72

(purple), glassy carbon (green), and graphite (blue)..........cceceeriieiiiniiiiiiiiiieceie e

Figure 4.6 Normalized Cis XPS spectra of four carbon powders studied in this
chapter: Black Pearls 2000 (black dot-dot-dash curve), Vulcan XC-72 (purple

dashed curve), glassy carbon (green solid curve), and graphite (blue dotted curve)......

Figure 4.7 A TGA plot of the sample weight with respect to temperature (a) and its
derivative (b) with mass spectrometer detector responses for m/z 44 (CO2) (c) and
m/z 28 (CO) (d). All data shown here are an average of three replicates for Black
Pearls 2000 (black dot-dot-dashed curve), Vulcan XC-72 (purple dashed curve),

glassy carbon (green solid curve) and graphite (blue dotted curve). ......c...ccceevuevvenneenne.

Figure 4.8 ATR-FTIR spectra of four carbon powders studied in this thesis: glassy
carbon (green solid curve), Black Pearls 2000 (black dot-dot-dash curve), Vulcan
XC-72 (purple dashed curve), and graphite (blue dotted curve). The transmittance

of the carbon spectra were shifted for clarity.........c.ccooveeviriininininiieee,

Figure 4.9 Fitted Os XPS data for as-received Black Pearls 2000 (a), Vulcan
XC-72 (b), glassy carbon (c), and graphite (d) carbon powders. The dotted points
represent the original Os XPS spectra. The solid colored fitted peaks represent the
C-0O and C=0 bonding environments. The solid black curve represents the sum of

the fItHd PEAKS. ..eeeeeiieeeiee e e e e e e aa e enees

xi

.. 58

.. 60

.63

.. 64

.. 68

71

.78



Figure 4.10 Fitted Cis XPS data for as-received Black Pearls 2000 (a), Vulcan
XC-72 (b), glassy carbon (c), and graphite (d) carbon powders. Dotted black
curves represent the original Cis XPS spectra. Each solid colored fitted peak
represents a certain surface group. The black solid curve represents the sum of the

FIHEEA PRAKS. 1.ttt

Figure 4.11 A representative TGA of the Black Pearls 2000 heated from room
temperature to 1000 °C with a 2 hour temperature hold and the cooling process
under Ar atmosphere (a) and the derivative TGA (b) of the cooling process to
emphasize no weight losses at temperatures below 800 °C. Temperature ranges for
the expected weight losses corresponding to surface carboxylic acid (red),
anhydride (green), lactone (green), and phenol (blue) surface groups are labeled in

008 15T I (o) SRR

Figure 4.12 DPV of as-received Black Pearls 2000 (a) was reproduced for
convenience. A representative DPV of heat-treated Black Pearls 2000 lacking
carboxylic acid, anhydride, lactone, and phenol surface groups (b). The electrolyte
was 0.1 M PB without (dotted curve) and with (solid curve) 0.2 g L"! BHb. Red

arrows indicate the location of the expected BHD reduction peak.............cccceevveererrennnnns

Figure 4.13 Scanning electron micrographs of as-received Black Pearls 2000
carbon black powder (a) and after heat treatment under Ar atmosphere for 2 hours

AL 1000 OC (D). cvrvveveeveereeeeeeeseeeeesseseeeesseeeesssesseessseeeessesseesseseesssssesssssseessseseessssesessesesssenns

Figure 4.14 Representative DPVs of Spectracarb 2225 in 0.1 M PB (pH 7.08)
without (dotted black curve) and with (solid black curve) 0.2 g L"! BHb present in
the electrolyte. A red arrow indicates where the BHb reduction peak is expected to

appear ON a CarbON SUTTACE. ......covuiriiriiiirieriiee ettt

Figure 4.15 TGA (a) and derivative TGA plots (b) of Spectracarb 2225. The mass
spectrometer detector response to m/z 44 (CO2) (c) and m/z 28 (CO) (d) are also

.79

.. 84

shown. All of the TPD data shown here are an average of three replicate trials. ............ 89
Figure 4.16 ATR-FTIR spectrum of Spectracarb 2225. .......cccccceviiiiniinienenicnieneenns 90
Figure 4.17 XPS spectra examining other possible elements (a) and a fitted Cis

XPS spectrum of Spectracarb 2225 (b). The dotted black curve represents the

original Cis XPS spectrum, each solid colored fitted peak represents a certain

surface group, and the black solid curve represents the sum of the fitted peaks (b). ....... 92

Xii



Figure 4.18 Representative CVs (a,c,e) and DPVs (b,d,f) of glassy carbon before
(a-d, green curves) and after electroreduction modification (c-d, black curves),
ultrasonicated Vulcan XC-72 on glassy carbon (a-b, brown curves),
ultrasonicated/reduced Vulcan XC-72 on glassy carbon (a-b, orange curve), and as-
received Vulcan XC-72 powder (e-f, purple curves, reproduced from Figure 4.3¢
and f for ease of comparison) in 0.1 M PB (dotted curves) containing 0.2 g L' BHb

(SOLIA CUIVES). c.veeeitie ettt e et e et e et eeta e e e taeesaaaeesaseeesaseeeeaseeenaseeennseeas

Figure 4.19 CVs (a) and DPVs (b) normalized to the double-layer current at
-0.3 V. The normalized BHb peak currents for each Vulcan XC-72 processing
stage from the CVs (c¢) and DPVs (d) are shown with error bars indicating one

standard deviation from three repliCates. ..........ccveviierieriieiieiie e

Figure 4.20 Normalized and background-subtracted average electrochemical BHb
reduction current from CV (a) and DPV data (b) using at least three replicate trials
for each of as-received (purple), ultrasonicated (brown), and ultrasonicated/reduced

(orange) forms of VUulcan XC-72. ....cc.oivviiiiiiiiieiiieieecie ettt sae e ees

Figure 4.21 Scanning electron micrographs of the as-received Vulcan XC-72
powder (a), after ultrasonication in water (b), and after an electrochemical reduction

treatment of the ultrasonicated carbon (C). .....cccooecvieeiiiiiiiiieeeeee e

Figure 4.22 Fitted Cis XPS data for ultrasonicated Vulcan XC-72 suspension air-
dried on a glassy carbon plate (a), and electrochemically reduced ultrasonicated
Vulcan XC-72 suspension on a glassy carbon plate (b). The dotted black curve
represents the measured XPS data and the solid black curve represents the
summation of all the fitted Peaks. .........cccvieriiieriiicieeeeeeee e

Figure 4.23 Plots of background-subtracted peak currents from CVs (a) and DPVs
(b) of ultrasonicated Vulcan XC-72 on glassy carbon (red dots) and
ultrasonicated/reduced Vulcan XC-72 on glassy carbon (blue triangles) in 0.1 M

PB (pH 7.08) containing a concentration range of BHb: 0.001, 0.005, 0.01, 0.05,
0.1,and 0.2 g L'\, An average of three replicate trials with one standard deviation
for each concentration is shown in this plot..........ccceeciveeiiiiiiiiicee e,

Figure 4.24 Background subtracted DPVs of the ultrasonicated (a) and
ultrasonicated/reduced (b) Vulcan XC-72 in 0.1 M PB (pH 7.08) with the following
concentrations of BHb: 0.001 (dotted red), 0.005 (dashed orange), 0.01 (dot-

dashed green), 0.05 (dot-dot-dashed blue), 0.1 (dashed purple), and 0.2 g L™! (solid
black). Plots of peak BHb reduction potentials from DPVs (c) of ultrasonicated
Vulcan XC-72 (red dots) and ultrasonicated/reduced Vulcan XC-72 on glassy

carbon (blue triangles); a peak was lacking for electrolyte containing 0.001 g L™!
BHb; thus not shown. An average of three replicate trials with one standard
deviation for each concentration iS ShOWN (C). ..cccuvieeviiiieiiiiiiiii e

Xiii

.98

.98

.99

100

105



Figure 4.25 An illustration of a carbon surface without carbon surface oxides (a)

and with carbon-oxygen surface groups interacting with Hb. ...........cccoeoviiniiinnennne.

Figure 5.1 Representative CVs (a) and DPVs (b) of glassy carbon (dotted black
curve), GC/BHDb (dot-dashed red curve), GC/BHb/Nfsiid (dashed purple curve), and

GC/BHb/Nfsuspension (solid black curve) in 0.1 M PB pH 7.08.........ccovevvivienieiecienee,

Figure 5.2 CVs (a and c¢) and DPVs (b and d) of a glassy carbon modified with
either a layer of solid Nafion (a and b) or an air-dried Nafion suspension thin film
(cand d)in 0.1 M PB without BHb (dotted black curves) and with 0.2 g L"! BHb

(SO TEA CUIVES)..evvieiiieiiieeiie ettt ettt ettt et eb e st eenseessbeebaessaeenseessseenseas

Figure 5.3 Representative DPVs of 0.2 g L"! BHb in 0.1 M PB with MeOH (a),
EtOH (b), or 1-PrOH (c) at a concentration of 0% (dotted red curve), 10% (dot-
dashed red curve), 20% (dashed green curve), 30% (blue solid curve), 40% (purple
dot-dashed curve), 50% (dashed black curve), or 60% (solid black curve). Insets
(a-c) show the BHb peak potential for each corresponding alcohol. (d)
Background-subtracted charge for MeOH (red circles), EtOH (green squares), or
1-PrOH (blue triangles). The error bars indicate one standard deviation from three

TEPIICALE THIALS. ..eeeiieiiieeie ettt et et e et enbeeees

Figure 5.4 DPVs of a glassy carbon electrode in 0.1 M PB with 0% (dotted red
curve), 10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid
curve), 40% (purple dot-dashed curve), 50% (dashed black curve), or 60% (solid
black curve) of MeOH (a), EtOH (b), or 1-PrOH (c). DPVs of a glassy carbon
electrode in 0.1 M PB left standing in air (dotted red curve), after one hour in

nitrogen (dashed blue curve), or after one hour in oxygen (solid black curve) (d). ......

Figure 5.5 CVs (a) and DPVs (b) of a glassy carbon electrode pretreated with
MeOH in 0.1 M PB (black thick-dotted curve) + 0.2 g L"! BHb (black solid curve)
and glassy carbon with no MeOH pretreatment in 0.1 M PB (red thin-dotted curve)
+0.2 g L' BHb (red solid curve). Insets show the linear combination of MeOH-
pretreated glassy carbon + glassy carbon in 0.2 g L' BHb with the glassy carbon
background removed (black dashed curve) and is compared to the MeOH-

pretreated glassy carbon electrode in 0.2 g L™! BHb (black solid curve).......................

Figure 5.6 DPVs of Figure 5.3 after using Figure 5.4 for background subtraction to
account for oxygen reduction. The electrolyte contained 0.2 ¢ L BHb in 0.1 M PB
with one of: MeOH (a), EtOH (b), or 1-PrOH (c) at a concentration of 0% (dotted
red curve), 10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid
curve), 40% (purple dot-dashed curve), 50% (dashed black curve), or 60% (solid
black curve). Insets (a-c) show the BHb peak potential. The background-
subtracted charge for MeOH (red circles), EtOH (green squares), and 1-PrOH (blue
triangles) are shown with error bars indicating one standard deviation from three
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Figure 5.7 For comparison purposes, the individual DPVs of: glassy carbon in 0.2
g L' BHb (thick red dashed curve, from Figure 5.3, Section 5.4), GC/BHb/Nfsiid
(thin green solid curve, from Figure 5.1b, Section 5.2), glassy carbon in 0.2 g L'!
BHb with 10% 1-PrOH (thin orange dashed curve, from Figure 5.5, Section 5.4),
and GC/BHb/Nfsuspension (thick blue solid curve, from Figure 5.1b, Section 5.2) were
recreated (a). The calculated results using Relation 5.1 are shown as the thin
orange curve (left side of Relation 5.1) and solid thick blue curve (right side of

REIALION 5.1) ittt et e et e e e e taaeetaeeessaeesaseeensseeenes

Figure 6.1 Fitted Cis XPS spectra of polished glassy carbon exposed to no alcohol
(a), 30% MeOH (b), 40% MeOH (c), 60% MeOH (d), 40% EtOH (e), 50% EtOH
(1), 60% EtOH (g), 30% 1-PrOH (h), 50% 1-PrOH (i), or 60% 1-PrOH (j) aqueous-
alcohol electrolyte. The experimental data are represented by the dotted black

curves and the sum of the fitted curves are represented by the solid black curve. ........

Figure 6.2 Recreated from Figure 5.3d showing background-subtracted BHb
charge for various concentrations of MeOH (red circles), EtOH (green squares), or
1-PrOH (blue triangles) in 0.2 g L"! BHb with PB. The error bars indicate one

standard deviation from three replicate trials..........cccoccvveviiiciieniieiieie e

Figure 6.3 Representative CVs (a, c, e, g) and DPVs (b, d, {, h) of glassy carbon in
0.1 M PB (pH 7.08) (dotted curves) after incubation in 0.2 g L'! BHb in PB with:
no alcohol (a, b), MeOH (c, d), EtOH (e, f), or 1-PrOH (g, h). 30% and 60%
alcoholic electrolyte content used during incubation are represented by dashed and

solid curves respectively (C-h). ...oc.ooiiiiiiiiiiie e

Figure 6.4 Atomic force micrographs recorded using intermittent contact mode by
raster scanning the samples of a polished glassy carbon surface (a), with adsorbed

BHb (b), and after scratching the surface of the BHDb film (C). ..c.coveeiiiiniiiiiinii

Figure 6.5 A diagram illustrating a two-layer model used for spectroscopic

ellipsometry to determine the thickness of the BHb layer. ..........c.ccooovvvviiinininnennnne.

Figure 6.6 Background subtracted UV/Vis (a-d) and fluorescence (e-h) spectra of a
thick BHb film cast onto a glass slide (a,e) or BHb-adsorbed glass slides after
incubation in 0.2 g L' BHb dissolved in 0.1 M PB (b,f) with 30% (c,g) or 60%

(d,h) MeOH (red), EtOH (green), or 1-PrOH (bIue).......ccceveevieeiiiiiniiieeiieeeieeeee e

Figure 6.7 Fitted optical constants n (blue solid curve) and & (black solid curve) of
polished glassy carbon from spectroscopic ellipsometry are used for calculating
BHb film thicknesses. For comparison purposes, & (red dots) and n (green

triangles) values of polished glassy carbon were plotted from published data by
227
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Figure 6.8 Representative spectroscopic ellipsometry plots of measured 4 (red
triangles) and ¥ (green dots) values with the fitted 4 (purple curve) and ¥ (black
curve) values for polished glassy carbon (a) exposed to 0.2 g L' BHb in 0.1 M PB
(b) containing: 30% MeOH (c), 60% MeOH (d), 30% EtOH (e), 60% EtOH (f),
30% 1-PrOH (g), or 60% 1-PrOH (h). The symbol * emphasizes the location of a

very broad shoulder or peak in the graphs. .........cccceeeiiieiiiieniieceeeeeee e

Figure 6.9 A representative plot of BHb charge calculated from background-
subtracted DPVs of glassy carbon with an electrochemically active film of BHb
formed from incubation in aqueous-alcohol with BHbD (a) or glassy carbon in
aqueous-alcohol electrolyte with BHb previously seen in Figure 5.3 (b) as a

function of film thickness on glassy carbon. ..........ccecceeviiiiieniiieniiniiceeeeeee e,

Figure 6.10 A diagram illustrating different parts of BHb being probed. The heme
groups (within the circled regions) were examined using UV/Vis absorption, the
tyrosine residues (red stars *) were probed by using UV absorption, and the

tryptophan residues (orange squares | ) were examined using fluorescence.
34,35

Chimera was used in the construction of this figure.”™...........cccooviiiiiiiinie,

Figure 6.11 Illustration of weaker heme Fe-histidine interactions with increased

steric hindrance in a heme group of BHb resulting from sufficient alcohol exposure.

Blue portions of the illustration represent nitrogen and the red sphere represents
35

iron. The software Chimera aided in the preparation of this illustration.™ ..................

Figure 6.12 Background subtracted UV/Vis spectra of 0.2 g L' BHb in 0.1 M PB
(pH 7.08) with 0% (dotted red curve), 10% (dot-dashed red curve), 20% (dashed
green curve), 30% (blue solid curve), 40% (purple dot-dashed curve), 50% (dashed
black curve), or 60% (solid black curve) concentrations by volume of either MeOH
(a), EtOH (b), or 1-PrOH (c). The peak Soret wavelength (d) or peak tyrosine and
tryptophan absorbance at 280 nm (e) as a function of alcohol content were plotted
for MeOH (red circles), EtOH (green squares), and 1-PrOH (blue triangles) with

error bars indicating one standard deviation from three replicates. ........c..cccccevuervennne

Figure 6.13 Fluorescence spectra of 0.2 g L™ in 0.1 M PB with 0% (dotted red
curve), 10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid
curve), 40% (purple dot-dashed curve), 50% (dashed black curve), or 60% (solid
black curve) of MeOH (a), EtOH (b), or 1-PrOH (c). The peak emission
wavelength was plotted as a function of alcohol content (d) for MeOH (red circles),
EtOH (green squares), and 1-PrOH (blue triangles) with one standard deviation
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Figure 6.14 Background-subtracted BHb charge for different concentrations of

MeOH (a), EtOH (b), or 1-PrOH (c) with 0.2 g L' BHb in PB with different

mechanisms likely contributing to BHb-reduction. The BHb charge data were
reproduced from Figure 5.3d in Section 5.4 and the mechanisms likely contributing

to BHb-reduction were interpreted from the data shown in this chapter. The error

bars indicate one standard deviation from three replicate trials. .........c.cccecvveeeierennenne. 172

Xxvii



Abstract

This thesis focuses on the electrochemical reduction of bovine hemoglobin (BHb)
using carbon electrode materials. Carbon materials are abundant and affordable, but have
variable carbon-oxygen surface functional groups and varying ability to
electrochemically detect BHb. To better understand the role of carbon-oxygen surface
groups in the electrochemical behavior of BHb, surface groups were identified using
attenuated total reflectance Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, and temperature programmed desorption. The identified surface groups
were then correlated with BHb electroactivity and key surface groups were further
identified through selective carbon surface modifications. The results show that
carbonyl, quinone, and ether surface groups inhibit BHb electroreduction on carbon.

BHb has a slow electron transfer with bare electrodes, showing minimal
electrochemical response in aqueous electrolyte. Nafion-bound BHb on carbon surfaces
exhibits enhanced response, but until this work, the effects of a water-miscible primary
alcohol solvent present in Nafion have been ignored. The presence of an alcohol solvent
in Nafion is shown in this thesis to further increase the electrochemical response of BHb.
Furthermore, adding a water-miscible primary alcohol to a BHb-containing electrolyte
results in an increased BHD response.

The mechanisms by which the alcohol increase BHDb electroactivity were
examined. The water-miscible primary alcohols modified both BHb and the glassy
carbon electrode. Ultraviolet-visible absorption and fluorescence data provide evidence
of BHb denaturation, likely opening the heme cavity and facilitating the electron
transport. Adding alcohol to a BHb-containing electrolyte formed more electroactive
BHb films. Additionally, the alcohols changed the carbon-oxygen surface groups on the
carbon material, showing a complex relationship where some alcohols removed
inhibiting carbon-oxygen surface groups to increase BHb activity, while other alcohols
had the opposite effect.

The work presented in this thesis contributed new understandings regarding the
electrochemistry of BHb on carbon electrode surfaces and helps avoid spurious
conclusions for alcohol-containing BHb films. Understanding carbon-oxygen surface
functional groups can be used to intelligently modify carbon electrodes for improving
BHD detection. BHb detection was further improved by adding alcohol to the electrolyte,
a simple and inexpensive method. The mechanisms by which alcohol influences BHb
reactivity was elucidated.
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Chapter 1 Introduction

Electrochemical biosensors are an active area of research with applications in the
fields of diagnostics, biotechnology, and environmental studies.!™ An electrochemical
biosensor is a device that recognizes a biological event through the use of an electrode to
convert the recognition into a readable electronic signal.> There is promising potential
for electrochemical biosensors due to their speed, sensitivity and low-cost.>>
Electrochemical biosensors are becoming more portable and affordable as electronics
become smaller and more common. A commercially successful example that show these
qualities is the blood glucose monitor.*® New research and development in
electrochemical biosensors also contribute to the exciting research of developing
lab-on-a-chip devices.’

Electrochemically sensing hemoglobin (Hb) may provide an alternative way to
detect Hb, an important protein due to the role it plays in various diseases,” ' where Hb
is currently measured by using the absorption of visible light.” The electrochemical
activity of Hb is widely believed to be due to the oxidation and reduction of iron within
the heme group.''™'* Direct electron transfer between Hb and an electrode is generally
considered to be difficult because the four redox active heme groups are buried in the
interior hydrophobic regions of the protein.!>!®

The low cost and abundance of carbon makes it a promising material for
biosensor electrodes. A known issue when using carbon electrode materials is that its
behavior may vary when electrochemically sensing Hb.!>!7"2!' Hb has been shown to be

14,18,20,23,24

electrochemically active on carbon black,?? carbon nanotubes, glassy carbon, '

1



and pyrolytic graphite;>! but inactive on pyrolytic graphite,'!” and glassy carbon.?® A

disagreement exists whether carbon-oxygen surface functional groups improve'®!

or
inhibit'? the electrochemical activity of Hb on carbon electrodes. There are suggestions
that more C-O surface groups such as phenolic or alcoholic groups are responsible for
favoring the electron transfer possibly due to changing polypeptide conformations.'’
However, more recent experimental evidence suggests less oxidized carbon surfaces have
a larger electrochemical response to Hb.!? Knowledge of the carbon-oxygen surface
functional groups and their modification in the context of experimental evidence is key to
fundamentally understand the electrochemical activity of Hb.

Whether Hb is immobilized on a carbon electrode or is present in the electrolyte is
another possible variable. Opposing results for pyrolytic graphite have been reported
where the immobilized Hb was electrochemically active,?! while Hb dissolved in the
electrolyte was inactive.!” Nafion is a commercially available product convenient for
creating thin films, which may be used to immobilize Hb onto the electrode
surface.!42223:2326 An often overlooked problem is whether the solvent used to prepare
the Nafion thin film has any effect during the immobilization procedure. Therefore, the
solvent present in Nafion may interact with Hb and consequently affect the
electrochemical detection of Hb. A fundamental study of the solvent effects in Nafion on
Hb is necessary to provide a better understanding on its effects on the electrochemical
detection of Hb.

The research presented in this thesis aimed to develop a better understanding of
the variation in the electrochemical behavior of Hb on carbon electrode materials. The

background information necessary to understand the techniques used in this thesis as well
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as literature references leading up to the experiments are described in Chapter 2. Chapter
3 described the experimental methods and techniques used in this thesis.

Chapter 4 presents a thorough examination of the carbon-oxygen surface
functional groups on five different carbon electrode materials. Carbon-oxygen surface
functional groups were characterized using X-ray photoelectron spectroscopy (XPS),
temperature programmed desorption (TPD), and attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR). Chapter 4 also presents the
electrochemical activity of Hb with respect to the presence and identity of the
carbon-oxygen surface functional groups. The electrochemical activity of Hb was
examined by the use of cyclic voltammetry and differential pulse voltammetry. After
identifying the surface functional groups that impact the electrochemical activity of Hb, a
carbon material was modified to enhance its electrochemical activity towards Hb.

Chapter 5 focuses on electrochemically examining Hb in an aqueous-alcohol
electrolyte using a glassy carbon electrode or Hb immobilized on glassy carbon with a
film of Nafion. The immobilization of Hb was studied electrochemically by using either
a Nafion suspension to create a thin film or a solid piece of Nafion to hold Hb onto the
electrode surface. The Nafion suspension contained an alcohol solvent while the solid
piece of Nafion had no solvent. Differential pulse voltammetry was used to investigate
whether the alcohol solvent present in a Nafion suspension had any consequence on the
electrochemical detection of Hb by adding an alcoholic solvent to an electrolyte
containing Hb and phosphate buffer.

Chapter 6 investigates evidence for changes to Hb or the glassy carbon electrode

after exposure to the aqueous-alcohol electrolyte that may be responsible for affecting the
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electrochemical activity of Hb. After exposing Hb to an aqueous-alcohol electrolyte,
fluorescence and ultraviolet-visible spectroscopy provided evidence for changing the
structure of Hb. Ultraviolet-visible spectroscopy is useful for tracking possible changes

in the heme structure of Hb,>’ !

while fluorescence is useful for tracking changes in the
environment near the fluorescing tryptophan residues.**3? Possible formation of a thicker
protein film on the electrode surface after exposure to Hb in aqueous-alcohol electrolyte
may be responsible for observing a different electrochemical response. The formation of
a possibly thicker protein film on the electrode surface was attempted ex situ using
atomic force microscopy and spectroscopic ellipsometry. Changes to the carbon-oxygen
surface groups on the carbon electrode surface after being exposed to aqueous-alcohol

electrolyte were studied using XPS. The overall conclusions as well as suggestions for

future work are presented in Chapter 7.



Chapter 2 Background

2.1 Bovine Hemoglobin

Bovine hemoglobin (BHDb), visualized in Figure 2.1, is a globular blood protein
with a molecular weight of about 64,500 Da and a diameter of approximately 5.5 nm.3*3°
The dimensions of BHb are approximately 65 x 55 x 50 A.3%3%3> BHb consists of four
subunits arranged as a tetramer: two alpha subunits and two beta subunits.!!**3637 Each

subunit consists of a polypeptide chain and a heme group (Figure 2.1c). Non-covalent

interactions hold these four subunits together.'!

Figure 2.1 A crystal structure of BHb obtained from the Protein Databank (identifier
1HDA) illustrating its globular structure and the four subunits (a and b).***> The amino
acid residue side chains were removed to more clearly indicate the location of the heme
structures in the protein (b). A close-up illustration of one of four heme structures in
BHb showing the four bound nitrogen atoms (blue) in the porphyrin ring and one
nitrogen atom from a histidine residue coordinated (black) to the Fe atom (red sphere)
(c). All images were produced using the software Chimera.**%



The polypeptide in an alpha subunit contains 141 amino acids and a beta subunit
contains 145 amino acids.*** There are 3 tyrosine (Tyr) residues and 1 tryptophan (Trp)
residue in an alpha subunit and there are 2 Tyr residues and 2 Trp residues in a beta
subunit.**** Therefore, there are a total of 10 Tyr and 6 Trp residues in BHb that can
potentially be probed by the use of fluorescence, as will be discussed later in Section
2.6.2. The locations of the Trp and Tyr residues are highlighted in Figure 2.2 with their

estimated distances to the nearest heme group based on the crystal structure of BHb.

(b)

Figure 2.2 Tllustration of Trp residues (a) and Tyr residues (b) with their approximate
distances to the nearest heme group in BHb with the same positions as those shown in
Figure 2.1. The remaining protein structures and amino acid residues were removed for
clarity. These illustrations were produced using the software Chimera.**%

Each heme group can be found buried within a hydrophobic cavity located near
the surface of BHb.!!%3%35 The four nitrogen atoms from the heme group are bound to
iron, as shown in Figures 2.1c and 2.2. Histidine from a polypeptide chain is bound
axially to the iron, leaving the sixth position available for another ligand such as

oxygen.’® If the heme iron is in the ferrous (Fe?") state, it allows for reversible bonding



of oxygen to hemoglobin (Hb).® Ferric iron (Fe’") in Hb is called methemoglobin or
ferrihemoglobin and cannot bind oxygen.®'> When ferrous Hb binds to oxygen, the
ferrous Hb is oxidized to ferric Hb and the bound oxygen is reduced to superoxide.®
Changing the oxidation state of iron in Hb can potentially be used for diagnostic
electrochemical biosensor applications. Hb is involved in some clinical conditions such
as methemoglobinemia and anemia.® ! Methemoglobinemia is due to a large
accumulation of methemoglobin (ferrihemoglobin) where Hb cannot bind to oxygen and
anemia is a deficiency of Hb.®!® Both of these conditions are important to recognize

and, thus, their detection is essential to minimize long-term damage.® '

2.2 Electrochemically Sensing Hemoglobin

Currently, the most common approach to quantify Hb in blood is to make optical
measurements using either laboratory instruments or commercially available
point-of-care optical devices.>*** However, optical interferences, such as the presence of
ambient light, are known to be potential causes of erroneous readings.* In these cases,
an alternate route of detection such as the use of an electrochemical method may be more
desirable.

Electrochemical biosensors have several advantages for use at a physician's office
or at a patient’s home.** In general, they have the advantages of rapid measurement,
simplicity, sensitivity, low operating cost, low construction cost and the possibility of
miniaturization.*> A disadvantage of using electrochemical biosensors may be poor
selectivity where interference may occur from electrochemical reagents other than the Hb

analyte.



Obtaining an electrochemical signal for Hb may also provide insight into its
reaction mechanism with other proteins!! or provide an alternative means for direct Hb
detection, which is important due to possible cytotoxic effects from Hb? and the
important role Hb plays in various diseases such as anemia.”® However, direct electron
transfer between Hb and an electrode surface is difficult due to large polypeptide chains
obstructing access to the heme groups.** Each Hb contains a total of four iron ions, one

iron from each heme group,1 1,37

which are potentially redox-active by changing oxidation
state between 2+ and 3+.!!

Due to the difficulty of electrochemically accessing the iron in Hb, researchers
have devised many creative ways to circumvent this problem; for example, by developing

11,15,45-49

mediators to aid in the electron transfer, incorporating Hb into a film on the

17,24,50-59

electrode surface, or by adsorbing Hb onto metal oxides attached to an

electrode.?!*%  Although Hb attached to an electrode can be used for studying the

catalytic reduction and detection of hydrogen peroxide,#20-22:23:44.55.56.63.64

examining the
electrochemical activity directly from Hb, particularly with Hb in solution, is the focus of

this thesis. Various strategies used to electrochemically sense Hb are discussed next.

2.2.1 Mediated Electron Transfer

Because of the difficulty in attaining an electron transfer between an electrode
surface and Hb, mediators are sometimes employed to help transfer electrons between Hb
and the electrode surface.!>** For example, ferricyanide can be used to oxidize Hb
present in a blood sample as ferricyanide reduces to ferrocyanide and the ferrocyanide is

then quantitatively oxidized using an electrode to regenerate ferricyanide.*> Mediators



attached to the electrode surface have also been used to detect and quantify Hb, some of
which are ferrocenecarboxylic acid,'® Nile Blue,*® and methylene blue.*”*° The
quantification of Hb using the mediated electron transfer strategy is possible within the

M34648 or nM concentration range.*’

u
One of the issues with mediator-modified electrodes is leaching of the mediator
into the electrolyte with repeated use.*® Another issue is that these mediators may not be

specific to Hb; thus interference from other redox active species in a sample is possible.*®

As a result, other strategies to electrochemically sense Hb have been attempted.

2.2.2 Hemoglobin on Modified Electrodes with Metal Oxides, Nanomaterials, or
Layered Structures

Moditying the electrode surface to electrochemically examine Hb is a far more
common strategy than using mediators.'! Examples of different materials used to prepare
the electrode surface sampled from the literature are listed in this section.

The immobilization of Hb onto electrode surfaces modified with a metal oxide
has been shown to improve the electrochemistry of Hb.2:0%¢> For example, Hb adsorbed
onto nanocrystalline SnO> films® on a conductive fluorine-doped tin oxide-coated glass
was shown to be electrochemically active. Other examples include Hb adsorbed onto
nickel oxide nanoparticles® or cobalt oxide nanoparticles®® on a glassy carbon electrode,
Fe304 nanoparticles with adsorbed Hb on pyrolytic graphite,?! and Hb on Fe3O4-graphene
composite materials.%® In the examples provided previously, the number of layers were
typically limited when investigating the electrochemical activity of Hb. In one study, Hb
was shown to be more active when Fe;O4 nanoparticles were arranged in alternating

layers with Hb on a pyrolytic graphite electrode.?! Research has shown that up to six



stacks of Fe304/HDb bilayers were electrochemically active and has stated that additional
bilayers resulted in no further increase in Hb activity.?!
Hb adsorbed on carbon nanotubes, which are sometimes held together using a

1423 is known to be electrochemically active.!®**% The electrostatic

Nafion polymer,
adsorption of Hb onto the carbon nanotubes was believed to improve its electrochemical
activity.!® Later research showed that carbon nanotubes with metal oxide impurities have
higher Hb electrochemical activity than purified carbon nanotubes where the metal oxide
impurities help bind Hb to the carbon nanotubes.?

Hb is also known to be electroactive on electrodes modified with quantum dots.
For example, Hb mixed with CdSe-ZnS quantum dots bound by Nafion on a glassy
carbon electrode was reported to be electrochemically active.®” Quantitative detection of
Hb in the electrolyte is also possible using a glassy carbon modified with cadmium
sulfide quantum dots.®

Gold nanoparticles may be used to enhance the electrochemistry of Hb. For
example, Hb adsorbed onto graphene-gold nanoparticle composite materials®® or carbon
nanotubes modified with gold nanoparticles’’ were shown to exhibit higher Hb activity.
The increased Hb activity may have been due to the significantly increased surface area
available for trapping Hb.*"°

Changing the pore characteristics on the electrode surface may also allow more
Hb to bind onto the electrode surface to help increase the electrochemical activity of
Hb.!32>52 For example, increasing the pore size of heat-treated carbon nanofibers,*

increasing the pore volume of mesoporous carbon,'? or creating characteristic V-shaped

10



pores in polyaniline-mesocarbon composite materials®> may have resulted in increased

Hb binding to the electrode surface, resulting in increased Hb electrochemistry.
Adsorption onto clay materials is another strategy to achieve increased Hb

electrochemistry. More specifically, Hb adsorbed onto either a montmorillonite clay

attached to a glassy carbon electrode’!-”

or Bentonite clay on a pyrolytic graphite
electrode were shown to be electrochemically active.”>’* The clays were believed to
have minimal electrostatic repulsion to Hb due to both the hydrophobic and hydrophilic
interactions on the composite clay surface stabilizing the adsorbed Hb, resulting in more
redox active Hb.”!""

Surfactants may also be used to modify the electrode surface. The formation of a
surfactant bilayer structure may be a more favorable environment for the immobilization
of Hb and perhaps help with the electron transfer between Hb and the electrode.”® An
example of this may be where acetylene black was mixed with a
didodecyldimethylammonium bromide surfactant and Hb.”® The use of this particular
surfactant was believed to form an ordered surfactant bilayer structure to aid in
immobilizing Hb on the electrode surface and facilitate the electron transfer process.’®

Observation of the Hb electroactivity is known to be possible through the

incorporation of Hb into a hydrogel. Some examples include mixing Hb with a sodium

177 1'59

alginate hydrogel’’ or a konjak glucomannan hydrogel.”” The increased electrochemical
activity of Hb in a hydrogel was believed to be due to exposing the heme groups in Hb to
a more hydrophobic environment in the hydrogel than in the aqueous electrolyte.>

Other film materials may be used to trap Hb onto a carbon electrode surface to

increase Hb electroactivity, some of which are polytetrafluoroethylene,>® gelatine,
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gluten,’” and chitosan.>***%® In some cases, the conductivity must be increased by
including other components, such as adding graphene to a chitosan film.>*> To avoid
conductivity issues, Hb may also be trapped in a conductive polymer, such as
polypyrrole, which has been shown to exhibit Hb electrochemistry.”®

The main disadvantage of modifying the electrode surface with a metal oxide, a
nanomaterial, or a layered structure is the time consuming process required to prepare the
electrode for the electrochemical examination of Hb. Similar to the mediated electron
transfer strategy, uM to nM concentrations of Hb may be detected using electrodes
modified with either a metal oxide or nanomaterial.®>’® Many believe that Hb adsorbed
on or incorporated into a layered electrode surface involves a one electron and one proton
transfer from heme,!”-?!23437 but are uncertain regarding how many hemes are redox
active in Hb on the modified electrode surface. Therefore, the direct electrochemical

examination of Hb may not be fully accessing all available hemes in Hb.

2.2.3 Denaturation of Hemoglobin

Another perhaps more direct approach to observe Hb electrochemistry is to
denature the protein structure itself, thereby releasing the potentially redox-active heme
groups. For instance, guanidine hydrochloride denaturant was added to the electrolyte in
order to achieve Hb electroactivity in solution using a glassy carbon electrode, where no
Hb electroactivity was observed without guanidine hydrochloride.?” Common single-
chain surfactants well-known to denature protein structures, such as sodium dodecyl

sulfate, are known to increase the electroactivity of Hb.” Other methods of unfolding the
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protein structure to increase Hb electroactivity include incubating adsorbed Hb in acidic
electrolyte®® and urea.”!

Sometimes, exposing Hb to particular solvents may enhance the electrochemical
activity of Hb. In one example, the electrochemical activity of Hb in a hydrogel was
shown to increase in an electrolyte containing 50% ethanol and 50% phosphate buffer,
which may be due to partial dehydration of the heme cavity in Hb.>® In another example,
clear Hb electroactivity was reported after incubating a pyrolytic graphite electrode in a
mixture of Hb, dimethyl sulfoxide and water.®! Although the authors of the publication
did not give reasons why adding dimethyl sulfoxide increased the electrochemical
activity of Hb, there is clear evidence elsewhere that dimethyl sulfoxide changes the
secondary and tertiary Hb protein structure.®? These changes to the protein structure are
likely responsible for the increased electrochemical activity of Hb.

An additive that stabilizes the protein structure may have the opposite effect,
where the electroactivity of Hb is expected to decrease. Glycerol is known to stabilize
and prevent significant denaturation of protein structures.®> When a pyrolytic graphite
electrode modified with Hb and a phosphatidylglycerol choline surfactant revealed Hb
electroactivity,® adding greater concentrations of glycerol to the electrolyte decreased the
electrochemical activity of Hb as expected.®

The protein denaturation strategy has the obvious disadvantage of not being
specific to Hb since other heme-containing proteins will also be affected. However, this
strategy clearly shows that the protein structure of Hb is indeed inhibiting
electrochemical access to the redox-active heme groups and is a progression towards

attaining higher Hb electroactivity.
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2.2.4 Electrochemistry of Hemoglobin on Silver Electrodes

Slow electron transfer of Hb on a metal electrode is believed to be due to the
adsorption of Hb on the metallic surface, thus inducing changes to the protein
conformation that may be restricting access to the electrochemically active hemes.?* Hb
electroactivity has been reported using a silver electrode in a buffered electrolyte
containing Hb.8>%¢ Other published works using a silver electrode modified with
adsorbed iodide were shown to increase the electrochemistry of Hb.®” Evidence has
strongly suggested that the heme group is not responsible for the redox behavior of Hb
seen on silver electrodes, but appears to be related to the formation of a complex between
silver and the amino acids, promoted by the presence of chloride in aqueous electrolyte.*
Therefore, the use of a silver electrode would be less selective than the modified

electrodes described in previous sections since all proteins are composed of amino acids.

2.2.5 Electrochemistry of Hemoglobin on Carbon Electrodes

The advantages of using a carbon electrode are affordability and a wide usable
potential range.3®°° Despite these advantages, carbon can have complicated reactivity.
Many of the reactions on carbon surfaces occur on the surface defects as well as on the
edges of the graphene sheets in a carbon material.***° Exposing the reactive surface
defects along the edges of the graphene sheets to oxygen or moisture can result in carbon-
oxygen surface functional groups.®®

Although nitrogen, sulphur, oxygen, and halogen may be present on some carbon
surfaces,’! depending on the source of carbon, its history and the manufacturing process

involved,3 " the most common carbon surface functionalities contain oxygen.””> Some
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of the oxygen-containing surface functionalities are phenols, carboxylic acids, lactones,
carbonyls, and quinone groups.®%3

A common theory regarding the electrochemical reactivity between Hb and
carbon electrodes is that the carbon-oxygen surface functional groups on the carbon

electrode may play a role in the electroactivity of Hb.!31%2223 Several studies from the

literature reported electrochemical activity of Hb prepared on carbon black,?? carbon

14,18,20,23,24 17,21

nanotubes, and pyrolytic graphite'*" electrodes. The presence of oxygen
surface groups on carbon black?? and carbon nanotubes'* were believed to help with the
electron transfer process of immobilized Hb. More specifically, the introduction of more
COOH surface groups on carbon was believed to be associated with increased
electrochemical activity of immobilized Hb due to favorable electrostatic interactions
where the modified carbon was negatively charged and Hb was positively charged.!'®->
Some of the discrepancies in the electrochemical activity of Hb on carbon
surfaces found in the literature will be presented here. Conflicting results may be seen,
where one study reported no direct electrochemistry between a Hb-incubated pyrolytic
carbon electrode,®! but another study also used a Hb-incubated pyrolytic carbon electrode
and clearly observed Hb activity.?! Electrochemical examination of Hb in a neutral pH
buffer was shown to have no activity using a pyrolytic graphite electrode.!” Other studies
observed no electrochemical activity of Hb in a neutral pH electrolyte using glassy

14,20,63

carbon®” or Hb dried on glassy carbon, yet glassy carbon has been reported to

electrochemically reduce Hb in solution!?!%-26

and when Hb is held onto the glassy
carbon surface using a Nafion polymer.?* Phenol surface groups on a polished glassy

carbon surface are known to exist and have been suggested to be involved in changing
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the polypeptide conformation of Hb to favor the electron transfer process.!® If the
oxygen-containing surface functional groups are responsible for the Hb reactivity, it is
unclear why no reactivity was seen in the other studies that used glassy carbon or
pyrolytic graphite electrodes, which is a direct disagreement based on observed results.
More recent experimental evidence suggested an opposite interpretation, where
Hb was observed to have greater electrochemical activity on less oxidized carbon
materials,'? which highlights the inconsistent assignment of carbon-oxygen surface
groups being responsible for the electrochemistry of Hb. The inconsistency in the
electrochemical activity of Hb could perhaps be explained by a detailed examination of
the carbon-oxygen surface groups on different carbon materials, as will be undertaken in

this thesis.

2.3 Overview of Relevant Electrochemical Techniques

2.3.1 Cyeclic Voltammetry

Cyclic voltammetry is an electrochemical technique where an applied potential is
varied while measuring the current response. The potential starts at £1 and the potential
changes at a linear rate towards E>. Then, the applied potential reverses direction with
the same linear rate from E» and returns to £1. The linear rate at which the potential
changes is also called the sweep rate. An illustration of the applied potentials during a

cyclic voltammetry experiment is provided in Figure 2.3.
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Potential

Figure 2.3 An illustration of the applied potential during a cyclic voltammetry
experiment.

2.3.2 Differential Pulse Voltammetry

Differential pulse voltammetry is an electrochemical technique that changes the
applied potential in a series of pulses. Figure 2.4 is a simplified diagram illustrating the
differential pulse voltammetry technique. The adjustable parameters in this technique are
the initial potential (£i) held for a period of time (#), pulse width (Pyw), pulse height (Pr),
step height (Sh), and step time (S;). The parameters Sy and S; directly affect the sweep
rate. During a pulse (illustrated in Figure 2.4), potential £ is held for a set time,
followed by a sudden (Pn + Sh) change to potential £> held for an amount of time (Pw).
The currents /1 and > are measured immediately before the end of each potential hold at
E1 and E; respectively. The difference of /2 and 7 is recorded as a point versus the
applied potential £1 in a differential pulse voltammogram (DPV). The next pulse starts at
potential £3, which is Sy above E>. The process described is then repeated numerous

times until the entire voltammogram is recorded.
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Figure 2.4 A simplified diagram illustrating how differential pulse voltammetry operates.
Note that in a differential pulse voltammetry experiment, several more pulses are
performed.

The measured current includes both the charging current and the analyte redox
current. Charging currents are not a result of electron transfers like redox reactions.
Instead, charging currents originate from changes in the double layer of charge, which
exists at any material interface.”**> For simplicity, the double layer may be visualized as
a layer of charge on the electrode surface and a layer of opposite charge from the
electrolyte near the electrode surface. As a potential is applied to the electrode, the
double layer of charge changes, meaning current flows (i.e. the charging current).

Differential pulse voltammetry preferentially removes more charging current than the

redox current when recording the measured currents, which relies on the fact that
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charging currents are orders of magnitude faster than redox currents when an electric
potential is applied.”® As a result, the currents due to redox reactions are emphasized and

the charging currents are suppressed in a DPV.%

2.4 Carbon Surface Oxide Characterization Techniques

Surface-sensitive examination of carbon electrode materials for carbon-oxygen
groups is required to begin resolving the opposing interpretations presented previously in
Section 2.2.5. Commonly employed techniques for examining carbon surface oxide

groups are Boehm titrations,”” !9 temperature programmed desorption,?*-8-100-105.109.110

infrared spectroscopy,’*-100-106.110-112

and X-ray photoelectron
spectroscopy.”>-?8:102:104,106,109.113-124 “The Boehm titration was not used in this thesis due
to the large amount of carbon sample required.!?>!?¢ The techniques used in this thesis
are temperature programmed desorption, attenuated total reflectance Fourier transform

infrared spectroscopy, and X-ray photoelectron spectroscopy. These techniques will be

discussed next.

2.4.1 Temperature Programmed Desorption

Temperature programmed desorption (TPD) is a straightforward technique that
uses heat to desorb the carbon-oxygen surface groups from the carbon surface while
using the sample weight changes and evolved gas content to quantify the different carbon
surface oxide groups. TPD continuously measures the weight of the sample as a function
of temperature, while a mass spectrometer identifies the components of the evolved

gases.”>10%127 TPD requires the careful use of a programmable temperature-controlled
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furnace that heats the sample at a constant rate under an inert atmosphere.”>!*127 As the
temperature increases, different carbon-oxygen surface functional groups on a carbon
sample will desorb as CO or CO; gases.

Less stable surface groups, such as carboxylic acids, desorb at lower temperatures
as CO; gas, and more stable surface groups, such as carbonyls, desorb at higher
temperatures as CO gas. A list of known desorption temperatures for various carbon-
oxygen surface functional groups identified by the use of TPD were well summarized by
Figueiredo et al.”> A simplified adaptation of the summary is presented in Table 2.1.
Table 2.1. A simplified table illustrating the identification of several different carbon-

oxygen surface groups on carbon by the use of TPD adapted from the work of Figueiredo
et al.”®

Carbon-Oxygen Surface Group Evolved Gas  Temperature Range / °C

Carboxylic acid CO2 100-400
Lactone CO2 350-600
Anhydride CO + CO, 350-600
Phenol CO 600-700
Quinone CcO 700-980
Carbonyl CO 700-1100
Ether CcoO 700-1100

2.4.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

Infrared (IR) spectroscopy can be useful to help confirm the presence of particular
functional groups by examining the vibrations of atoms.'?*1?° IR spectroscopy can be
performed in either transmission or reflectance modes.?*190-196.110-112 Dy,e t6 the high
absorbance of carbon, obtaining useful information by the use of transmission IR
spectroscopy is typically very difficult and time consuming;'!"!3? therefore reflectance

spectroscopy in the form of attenuated total reflectance Fourier transform infrared
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(ATR-FTIR) spectroscopy was used in this thesis. ATR-FTIR has the benefit of
requiring very little sample preparation and can be a surface sensitive technique.!!!-!3°

ATR-FTIR is a modification of IR where the sample is in direct contact with an
infrared-transparent crystal that has a higher index of refraction than the sample.'* The
infrared light passes through the crystal and reaches the interface. Total internal
reflection occurs and creates an evanescent wave to probe the sample.!?*!*! Some of the
energy from the evanescent wave is absorbed by the sample and thus attenuates the
infrared beam.'**!3! Then the reflected infrared beam returns to the detector. The
intensity of the reflected infrared beam from the sample is then compared to the intensity
of the reference infrared beam, which is then recorded. ATR-FTIR data is interpreted

similarly as transmission IR data.!'’13% Figure 2.5 is a simplified illustration of how

ATR-FTIR is used to probe a carbon sample.

Evanescent
wave

Carbon
Sample

Infrared light
to detector

Infrared light

Ge crystal

Figure 2.5 A diagram illustrating the evanescent wave probing a sample when internal
reflection of infrared light occurs. This figure has been adapted from reference 129.

The sample cannot have an index of refraction similar or above that of the crystal
used in ATR-FTIR, otherwise the infrared light will be lost since internal reflection will
not occur.!?*13! Therefore, choosing an appropriate crystal for the sample to be examined

is important. Diamond is typically used for ATR-FTIR analysis but Ge was used in this
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work because Ge has a much larger index of refraction (n = 4 for Ge and n = 2.4 for
diamond).!*? Some examples of using Ge crystal in ATR-FTIR for the examination of

carbon samples can be found in the literature.'! 3!

2.4.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also sometimes called electron

spectroscopy for chemical analysis (ESCA),'??

is a surface-sensitive technique that uses
X-ray radiation to probe a sample to obtain surface chemical information by measuring
the kinetic energy and number of emitted photoelectrons. The sample is first placed
under a high vacuum and then struck with X-rays.!3* The incoming X-rays may then
interact with a core-level electron from the sample, resulting in the emission of a
photoelectron near the sample’s surface if the energy of the X-ray photon is larger than
the electron binding energy.!** Typically the emitted photoelectrons within the first ten
nanometers from a sample surface are detected since their inelastic mean free path are on
the order of a few nanometers.'** Therefore, only the emitted photoelectrons near the
surface of the sample are detected; this is why XPS is a surface-sensitive technique.

In XPS, the kinetic energy of the emitted photoelectrons (£x) from a sample is
measured. Ex cannot be used to uniquely identify the element, but the binding energy
(Ep) can.'** By applying the conservation of energy, the total energy of the known
incident X-ray source Av, is equal to the sum of the kinetic energy Ej, binding energy Ep,

and the work function @.'3 The X-ray energy source used in XPS is typically either Al

Ka (1486.6 eV) or Mg Ko (1253.6 eV).!33 The work function @ is the energy needed to
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remove an excited electron from a sample into vacuum.!3* The experimentally useful

relationship that relates to £, may be more conveniently expressed as Equation 1:

Ev=hv—Ei— @ (1).
E values will depend on the chemical environment of the atom emitting the

33 an electron near an atom’s nucleus will have a larger E5 than an

photoelectrons;’!
electron farther away from the nucleus. Neighboring atoms bound to the atom emitting
the photoelectron also influence the Ej of the photoelectron due to a different electron
distribution. A more electronegative neighboring atom attracts the negative charge of
electrons, thus, a partial positive charge remains on the atom being probed, resulting in
increased E) required to emit a photoelectron. Therefore, E, shifts can give information
about the chemical environment of the atom, such as the oxidation state and possibly the
identity of bound neighbor atoms. For example, in a Cis XPS spectrum, a peak from
C=0 is expected to appear at a higher £ than C-O, which is expected to be higher than
that of C=C.!3

XPS data are typically displayed as a graph of the counts of photoelectrons per
second as a function of E». Identification of the neighboring atoms and their
quantification is possible by fitting peaks to the XPS spectrum.!** The number of
photoelectrons emitted from the sample depends on the surface concentration.'*?
Calculation of the integrated area under the fitted peak in the XPS spectrum, after
consideration of the background and sensitivity factors related to instrument parameters,

can be used to estimate the surface concentration of elements within particular chemical

environments on the sample.!*’
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2.5 Measuring the Thickness of Thin Protein Films

It is proposed in this thesis that thin films of Hb may form on an electrode surface
upon exposure to a solution of Hb. Thickness measurements of the Hb protein film were
attempted using spectroscopic ellipsometry and atomic force microscopy; these

techniques will be described next.

2.5.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a non-destructive technique that tracks how
polarized light changes when interacting with the sample.!3*!3> Changes in the light’s
polarization are sensitive to the thickness and optical constants, n and £, of a thin film
sample deposited on the surface of a substrate.'**!3°> The optical constant n represents the
refractive index and & represents the attenuation of light, which is also sometimes called

t136

the extinction coefficient'>® where transparent materials would have an extinction

coefficient of zero. Therefore, n and k form a set of optical constants defined for a

particular wavelength of light.'3

Spectroscopic ellipsometry is sensitive to the sample film thickness.'?* 1%
Reflected light from the film surface and reflected light from the bottom of the film will
separate more with increasing sample film thickness, causing a phase delay, which can be
related to the film thickness and the optical constants.!3*13

There are two measured values in spectroscopic ellipsometry, the amplitude ratio
¥ and phase difference ratio A, which describe the changes in polarization when the

incident polarized light interacts with the sample film, as noted in Equation 2.1*® The

incident light contains parallel (p) and perpendicular (s) components, relative to the plane
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of incidence.'** 13 The sample surface interacts with the p and s components of the
incident light differently, which causes a change in the polarization of the reflected light.
R, and R are reflection coefficients for the p and s components of the polarized light and

i is the imaginary number.'*®

i _Rp
tan(¥)e'® = 2 (2)

N

The measured ¥ and A values by themselves are generally not useful. Finding the
film thickness requires the use of ¥ and A values in a model to describe the interactions
between the polarized light and the film. Different optical models have been proposed

135 which will be discussed in more detail in Chapter 6.

for different materials,
Multiple wavelengths (1) are used in order to find a unique answer to the film

thickness.!*® The equation directly relevant to calculating the film thickness d is shown

in Equation 3 below:

d = B 3)
21 Ny, €08 ()

N=n+ik 4
where f is the phase change from the top of the film to the bottom of the film, N is the
complex number defined in Equation 4, and @sm 1s the angle of the refracted light in the
film. In the case of a transparent film, N is simply the refractive index of the film, n. The
measured data are used together with fitting software and Equations 2-4 to solve for the
film thickness.!**137 A complete mathematical treatment is beyond the scope of this

thesis, but can be found in references 136, 138, and 139.
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Fitting errors must be accounted for when fitting data to a model in order to

obtain the film thickness and are estimated using the mean squared error (MSE) defined

in Equation 5 by the CompleteEASE fitting software:!®

L
1
MSE = 1000 x 3L — MZ ((Sl(m,x) - Sl(e'x))z + (SZ(m,x) - Sz(e'x))z + (53(m,x) - S3(e,x))2 (5)
x=1

S1 = cos(2¥) (6)
S2 = cos(2 %) cos(4) (7)
S3 = sin(2 ) sin(4) (8)

where L in Equation 5 denotes the number of different wavelengths used to obtain the
data, x is a counter variable to keep track of the added errors for each recorded
wavelength, M is the number of fitted parameters selected in the optical model, subscripts
m and e indicate whether the parameter was found from the model or experimental data
respectively, and S is defined by Equations 6-8.!% A scaling factor of 1000 is included in
the definition of MSE in Equation 5 to account for typical instrumental errors such that
an ideal fit yields a MSE approximately 1.!*8 The fitting errors are typically larger than
the instrumental errors.'*® Methods that can help reduce the fitting errors will put more
confidence into the calculated film thicknesses.

The Kramers-Kronig relations are a set of mathematical relations that serves two
purposes. First, the Kramers-Kronig relations ensure that the values obtained in
spectroscopic ellipsometry are physically reasonable by being able to derive the
imaginary component from the real component of the refractive index, and vice versa,
because the index of refraction can be defined as a complex function (Equation 4).!3%1%

Second, the mathematical relations impose mathematical restraints such that the total
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number of fitting parameters is reduced, which help decrease the fitting errors involved in
calculating the film thickness.

Spectroscopic ellipsometry may be useful for calculating the sample film
thickness, but is highly dependent on the optical model used to fit the measured data.
Ideally, other techniques should be used to help complement the calculated film

thickness, such as the use of atomic force microscopy.

2.5.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a useful technique to obtain surface
information and morphology on an angstrom scale or better.'*%!4! Figure 2.6 is a
simplified illustration of the key components used in AFM. AFM relies on using a tip
attached to a cantilever spring to mechanically probe the surface of a sample.!*%!4! As
the tip scans the sample surface, a height difference map is generated by plotting the
amount of laser deflection from the cantilever, which is detected by a photodiode.'*°
AFM tips can have radii as small as 30 nm or as large as 2 pm, but sharp AFM tips are
required to obtain high resolution images.'*° Commercially available AFM tips are
typically made of silicon or silicon nitride.'*® As the AFM tip probes the sample surface,

usually the AFM images are collected line by line while recording the variation in the

sample’s height.!*!

Laser
Photodiode

Cantilever

Tip v

Aoaaath o e Simple

Figure 2.6 A simplified illustration of an AFM instrument.
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Contact and intermittent contact modes are the two commonly used modes in
AFM to collect surface sample images. In contact mode, the tip attached to the cantilever
is pressed against the sample surface with a particular force and the cantilever is bent
slightly. The force between the tip and the sample surface is dependent on the separation
distance, and the composition of the tip and the sample.'*’ Force measurements may also
be useful to understand how different materials may adhere to the sample.'*® These force
measurements can be made during contact mode by the application of Hooke's Law
(Equation 9):
F=-kx €))
where F'is the force, k is the known spring constant of the cantilever, and x is the
deflection in the cantilever. The issue with contact mode is that the tip may drag across
the sample surface during the scan, which may result in damaging the sample surface and
the tip. One workaround to this issue is to oscillate the cantilever.'*? In intermittent
contact mode, the cantilever oscillates such that the AFM tip makes contact with the
sample surface for brief periods of time, therefore avoiding the issue of having the AFM

tip drag across the surface.

2.6 Characterizing Hemoglobin in Solution

2.6.1 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV/Vis) spectroscopy is a technique that examines the
absorption of light in the ultraviolet and visible regions of the electromagnetic spectrum.
UV/Vis spectroscopy can be used to obtain information regarding certain structural

features of Hb, which are well-known in the literature.!>?’° In particular, the Soret
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absorption peak arising from the porphyrin structure of heme in Hb is the most intense
absorption peak, and is generally found between 405-430 nm in Hb.3%!#* The position of
the Soret peak is sensitive to changes in the heme structure of Hb, including changes to
the axial ligand bound to the iron.>° A red-shifted Soret peak is likely due to more
interactions between the Fe and an axial ligand within a heme group, and a blue-shifted
Soret peak is likely due to fewer interactions.!** For example, oxyhemoglobin, where

0

oxygen is bound to iron, is known to have its Soret peak at 415 nm,** and

ferrihemoglobin, where the iron has an oxidation state of 3+ with no oxygen bound, has a

Soret peak at 405 nm.?7-?8-30

2.6.2 Fluorescence

Fluorescence is a widely used technique, especially in biochemical research, due
to its high sensitivity and non-destructive nature.>? Fluorescence is a spectroscopic
technique where a molecule is excited by absorbing incident light, loses some energy,
and then relaxes to ground state while emitting light of a longer wavelength than the
incident light.'** Phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp) are amino
acids that are known to fluoresce with emission maxima near 282 nm, 303 nm, and
348 nm respectively in water.’>!4> Excitation maxima are also known for Phe, Tyr, and
Trp, which are near 258 nm, 275 nm, and 280 nm respectively in water.'*> Of these three
amino acids, Trp is generally the dominant source of fluorescence.’> The positions of the
Trp residues in BHb were shown previously in Figure 2.2a in Section 2.1. The

fluorescence of a Trp residue in a protein is sensitive to its microenvironment. For
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example, exposing Trp to a more polar environment is expected to have its fluorescence
shifted towards a longer wavelength.?%-*2

In addition to the shift in the Trp emission peak, its emission intensity may also
change in Hb due to the well-known Férster resonance energy transfer.3>146:147 An
energy transfer from the excited Trp residues to the heme lowers the Trp fluorescence
emission.'*®!*8 The Trp emission intensity is known to increase immensely after removal
of the heme group in Hb.!*¢ The energy transfer is known to be possible up to a distance
of 10 nm and the distance from the excited Trp residues to the heme group is proportional

to the fluorescence;*? thus, large increases in Trp emission intensity in Hb may also

indicate increasing distance between the heme and Trp residues.
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Chapter 3 Experimental Methods

3.1 Electrochemical Experiments

All electrochemical measurements were made using a Bio-Logic VMP3
multipotentiostat connected to a three-electrode system consisting of a platinum mesh
counter electrode, a reference electrode, and a working electrode. Either a Hg/Hg>SO4
(saturated K2SO4) (measured as 0.692 V versus the standard hydrogen electrode) or a
Ag/AgCl (1 M KCl) (measured as 0.221 V versus the standard hydrogen electrode) was
used as the reference electrode in this thesis. All electrochemical results in this thesis are
reported against the Hg/Hg>SO4 (saturated KoSO4) reference electrode for consistency,
with the exception of the pencil working electrodes that are reported against the Ag/AgCl
(1 M KCl). The pencil electrode experiments were attempts to reproduce Majidi’s
electrochemical results of hemoglobin on pencil electrodes;'*’ the Ag/AgCl reference
electrode was used in this thesis because it contains chloride like the saturated calomel
reference electrode used in Majidi’s work. For all other experiments, the Hg/Hg>SO4
reference electrode was used to avoid possible chloride contamination in the electrolyte

since chloride has a well-known allosteric effect on hemoglobin,**!>

meaning that
chloride affects the ability of hemoglobin to bind oxygen,** which may influence the
electrochemistry of hemoglobin.*!3! All electrochemical data were recorded in an
all-glass one compartment electrochemical cell using EC-Lab software.

Unless otherwise described, the electrolyte used for the electrochemical

experiments was 0.1 M phosphate buffer (PB) with a pH of 7.08, measured using a

SympHony posilo pH electrode and meter (VWR International). The 0.1 M PB consisted
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of KoHPO4 (>98%, ACS Reagent, Sigma Aldrich) and KH2PO4 (>99.0%, Sigma Life
Science) in a 64.5% to 35.5% mole ratio dissolved in 18.2 MQ-cm deionized Millipore
water.

Deionized Millipore water with a resistivity of 18.2 MQ-cm was used for washing
and making all solutions, unless otherwise noted. Before and after every electrochemical
experiment, all electrochemical cells and platinum mesh counter electrodes were
carefully wiped with a Kimwipe to remove any excess hemoglobin, washed using
distilled water, followed by a five minute submersion in 1 M NaOH (>97.0%, ACP,
S-3700) to remove residual hemoglobin and, thereafter, washed several times using

Millipore water.

3.1.1 Cyeclic Voltammetry & Differential Pulse Voltammetry

In this thesis, cyclic voltammetry or differential pulse voltammetry was used to
study the electrochemical behavior of hemoglobin. Cyclic voltammetry was conducted
between 300 and -900 mV (versus the Hg/Hg>SO4) for all carbon electrodes, except for
the pencil working electrodes, with a sweep rate of 20 mV s™'. The pencil working
electrodes were scanned using the same rate between -0.45 and 0.15 V versus the
Ag/AgCl, which is equivalent to -0.92 to -0.32 V versus the Hg/Hg>SO4. Differential
pulse voltammetry was also conducted between 300 and -900 mV with the same sweep
rate. In differential pulse voltammetry, the initial potential was held for 2 seconds, all
subsequent steps had a pulse height of 50 mV, pulse width of 250 ms, step height of
-25 mV, and a step time of 1250 ms. Only the Spectracarb 2225 carbon fabric, Black

Pearls 2000, and heat-treated Black Pearls 2000 carbon samples used a step time of 25 s
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and an effective sweep rate of -1 mV s, because of the high surface area of these
samples and slow charging response. At least three replicates were performed for each

sample to ensure reproducible results.

3.1.2 Different Carbon Materials as a Working Electrode

Several types of pencils, four different carbon powders, a carbon cloth, and three
different types of working electrode sample holders were used in this thesis. Detailed
descriptions of the working electrodes and the electrochemical cell will be given in the

following subsections.

3.1.2.1 Pencil Working Electrodes

Majidi et al. successfully used a pencil working electrode to examine the
electrochemical activity of hemoglobin, so several pencil electrodes were tested in this
thesis with the goal of reproducing their results.!* The brands and types of pencils tested
as working electrodes in this thesis research were: Derwent Graphic (7B, 9B, 2.5 mm
diameter, England), DeSerres (B, H, 2 mm diameter), Rotring (505210N, 2 mm diameter)
and Staedtler (2B, 3B, 5B, 8B, F, 3H, 4H, 5H, 6H, 2 mm diameter, Mars Lumograph,
Germany). All pencil working electrodes, except Rotring 505210N, were prepared by
scraping the wooden casing away on both ends of the pencil, exposing a few centimeters
of the pencil lead, ensuring that none of the wooden casing was near the electrolyte. The
Rotring pencil had no wooden casing and was used as is. One end of the pencil was
polished flat and smooth on filter paper (Whatman). The pencil lead was then wrapped
tightly in Parafilm, leaving the flat polished end exposed to the electrolyte. The other

unpolished end of the pencil was used to make an electrical connection to the
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multipotentiostat. After each experiment, the end of the pencil lead electrode was sliced
off and the newly exposed electrode was polished smooth on filter paper.

Human hemoglobin (HHb, Sigma Life Science, lyophilized powder, from human
blood, H7379) was made with a concentration of 10 g L' by dissolution in 0.1 M PB. In
the pencil-modified experiments, human hemoglobin was immobilized on a pencil
electrode by drying 10 uL of the 10 g L' HHb on the electrode surface overnight in a
refrigerator at ca. 4 °C.

A glass beaker cell with approximately 15 mL of 0.1 M PB electrolyte was used
with the pencil as the working electrode. The PB electrolyte used for only these pencil
experiments was made from NaHPO4 (>99.0%, Sigma, S0751) and NaH2PO4 (>99.0%,
Sigma, S0876) with a final pH of 7.00 to resemble the conditions used in Majidi’s
work.'* A homemade Ag/AgCl (1 M KCI) (measured as 0.221 V versus the standard
hydrogen electrode) with a glass frit was the reference electrode and a platinum mesh was
used as the counter electrode. KCI (ACS reagent grade, Fisher Scientific) was used for
the filling solution in the reference electrode.
3.1.2.2 Carbon Powder Working Electrodes

Powdered carbon is a common form of carbon materials. The carbon powders
used in this thesis were: Black Pearls 2000 carbon black (Cabot, 10t-935812), Vulcan
XC-72 carbon black (Cabot, lot-1105528), graphite (>99.99%, Sigma-Aldrich, Batch #
15618DD, -325 mesh), and glassy carbon (99.95%, Aldrich Chemistry, 42297KJ,
spherical powder, 2-12 microns). For most experiments, these carbon powders were used
as-received and inserted in a microcavity electrode as described in Section 3.1.2.2.1 to

study the electrochemistry of hemoglobin. The carbon-oxygen surface functionalities
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were modified on the Black Pearls 2000 and Vulcan XC-72 carbon powders to alter their
electrochemical activity with hemoglobin; the modifications will be described in detail in
Section 3.1.3.
3.1.2.2.1 Microcavity Electrode

Carbon powders are usually mixed with a binder to prepare a paste that is made
into an electrode. However, the effect of the binder on the carbon-oxygen surface groups
and electrochemical activity of hemoglobin is unknown. To avoid the use of binders, a
microcavity electrode was used. The construction of a microcavity electrode is well-
known and has been described in several literature reports.'*>1>” The microcavity
electrode constructed in this thesis consisted of a thin platinum wire current collector
(250 pm diameter) sealed in glass by Mr. Todd Carter (Scientific Glass Blower,
Department of Chemistry, Dalhousie University). The glass-sealed end of the platinum
was polished smooth with 600 grit SiC paper (Gatorgrit), followed by 3 um diamond then
1 um diamond polishes on nylon pads (BASi PK-4 MF-2060 polishing kit) with water
rinses and 2-minute ultrasonication steps (Branson 1510 Ultrasonic Cleaner) between
each polishing step to remove residual polish. The polishing steps were required to
ensure the platinum was flat such that subsequent etching times were more reproducible.
The other end of the platinum wire was used to make an electrical connection to the
potentiostat.

The microcavity in the glass-sealed platinum holds the powdered carbon sample.
Figure 3.1 shows a schematic of the microcavity. To create the microcavity, the smooth
glass-sealed end of the platinum was submerged first in 3 mL of 37 % hydrochloric acid

(99.99%, Sigma Aldrich), and heated to approximately 80 °C in a hot water bath. Then
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I mL of 70 % nitric acid (99.999%, Sigma Aldrich) was added drop by drop to create
aqua regia with a volume ratio of 3:1. The etching in hot aqua regia proceeded for three
hours. The microcavity electrode was then rinsed with Millipore water and
ultrasonicated for 5 minutes. The etching process was repeated once more using another
batch of hot fresh aqua regia. Figure 3.1 below is a close-up schematic view of the tip of

the microcavity electrode.

o Platinum wire

hollow glass

___—solid glass
_— microcavity

[ 193 um

Vo

—
250 pm

Figure 3.1 A close-up schematic view of a platinum microcavity electrode.

Operable microcavity dimensions were previously studied in detail by
Cachet-Vivier et al.'>® The dimensions of an operable microcavity must have a
depth-to-diameter ratio between 0.4 and 1.1°° If the ratio falls below the specified range,
then the powder will easily fall out of the microcavity, and if the ratio is above the
specified range, then there will be difficulty in obtaining a good electrical connection
between the powder and the platinum wire current collector.'*® The depth of the
microcavity was measured as 193 um using an optical coherence tomography instrument

constructed and operated by PhD candidate, Daniel MacDougall, (Adamson research
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group, Department of Biomedical Engineering, Dalhousie University).!>® Thus, the
depth-to-diameter ratio is approximately 0.77, which satisfies the operable ratio range
specified by Cachet-Vivier et al.'>

A powdered carbon sample was loaded into the microcavity by pressing the
microcavity electrode onto a small amount of the sample powder spread on a clean
microscope glass slide (Corning Incorporated, 2947-75x25, 75x25x1 mm, 0215 glass).
The microcavity electrode was used to investigate the electrochemistry of the four carbon
powders in 0.2 g L' bovine hemoglobin (BHb, Sigma Life Science, lyophilized powder,
from bovine blood) with 0.1 M PB. A one-compartment glass cell containing 5 mL of
electrolyte was used with the microcavity electrode.

Microcavity electrodes were conveniently reused to study the electrochemistry of
different powders. Literature reports recommend the use of an ultrasonic bath to remove
a powder from the microcavity.!>>!>7 The microcavity electrode used in this thesis was
emptied by vertically suspending the electrode in an ultrasonic bath (Branson 1510
Ultrasonic Cleaner) filled with distilled water during a three minute ultrasonication
process. To ensure cleanliness, cyclic voltammetry was conducted between -0.750 V and
1.300 V with a sweep rate of 1 V s™!in 1 M sulfuric acid (98%, Caledon) for 100 cycles
and then -0.670 V to 0.930 V, also with a sweep rate of 1 V s in 1 M sulfuric acid, until
a characteristic platinum CV was evident. Then the electrode was rinsed and was tested
for cleanliness by the use of either a cyclic voltammetry or differential pulse voltammetry

scan in 0.1 M PB immediately prior to experiments.
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3.1.2.3 Carbon Fabric as a Working Electrode

The carbon fabric electrode material Spectracarb 2225 (Engineered Fibers
Technology, Spectracarb Activated Carbon Fabric Type 2225-900) was used to study the
electrochemistry of 0.2 g L' bovine hemoglobin (BHb) dissolved in 0.1 M PB in a one-
compartment electrochemical glass cell containing 25 mL of electrolyte. A Swagelok
setup, visually outlined in Figure 3.2, was used to hold approximately 10 mg of the
Spectracarb 2225 fabric. The sticky carbon, consisting of approximately 50% melted
beeswax and 50% graphite powder, acted as a current collector and prevented exposing
of the nickel wire to the electrolyte. When fully assembled, the resistance between the

Spectracarb 2225 fabric and the nickel wire was no greater than 15 Q.

glass tubing Ni wire PTFE pipe-fitting

/‘l\.\m

sticky  carbon
carbon electrode

PTFE ferrule

Figure 3.2 A diagram reproduced and modified from reference 159 outlining the
Swagelok setup used for the electrochemical examination of Spectracarb 2225 carbon
fabric.

3.1.3 Modification of Carbon-Oxygen Surface Groups

3.1.3.1 Removal of Black Pearls 2000 Surface Functionalities by the use of Heat
Treatment

Black Pearls 2000 carbon black was modified by the use of a heat treatment to
remove all COOR and phenolic surface groups.”® A porcelain container (Fisherbrand

porcelain combustion boat, 97 x 16 x 10 mm) borrowed from Dr. Timothy Hatchard
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(research associate, Obrovac research group, Department of Chemistry, Dalhousie
University) was cleaned by the use of ultrasonication in distilled water for 15 minutes.
Further cleaning was performed by the use of heating in a tube furnace at a rate of 5 °C
min’! from room temperature to 1000 °C and the high temperature was held for several
hours with flowing air. Andrew George (technician, Department of Physics, Dalhousie
University) operated the tube furnace. The clean, dry porcelain container was then filled
with Black Pearls 2000 carbon black powder and inserted into a tube furnace under Ar
atmosphere at room temperature. The Ar flow rate was approximately 100 mL min™
The heating rate was 5 °C min™! from room temperature to 1000 °C and the furnace was
held at that temperature for two hours to remove all COOR and phenolic surface
functional groups.”® Then the sample was cooled in Ar atmosphere at an approximate
rate of 10 °C min’! to room temperature before removing the sample from the tube
furnace. The heat-treated Black Pearls 2000 sample was then used for electrochemical
testing to examine the electrochemical activity of hemoglobin.
3.1.3.2 Modification of Surface Functionalities of Vulcan XC-72 by the use of
Electroreduction

Modification of Vulcan XC-72 was performed first by placing 4 mg of this carbon
black in a glass vial containing 4 mL of 18.2 MQ-cm water in an ultrasonication bath
(Branson 1510 Ultrasonic Cleaner) two times, 5 minutes each, to create a suspension.
10 uL of the suspension was air-dried at room temperature onto thoroughly cleaned and
polished glassy carbon electrodes (BASi-MF2012 and CHI 104, 3.0 mm diameter,
mirror-like finish). The glassy carbon electrodes were previously cleaned using 3 and

1 um diamond polishes (BASi PK-4 MF-2060 polishing kit) on nylon pads until a mirror-
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like finish was achieved, with copious amounts of Millipore water for rinsing before and
after each polishing step. The air-dried ultrasonicated Vulcan XC-72 was further
processed by the use of an electrochemical reduction process similar to that used by Guo
et al., which is known to preferentially reduce C=0 surface groups.'®® The
electrochemical reduction process involved applying a potential of -1.95 V versus
Hg/Hg>SO4 for 15 minutes in a magnetically stirred 10 mM phosphate electrolyte (pH
5.03) purged with N> gas (Praxair).

The influence of removing C=0 surface groups on the electrochemical activity of
BHb was conducted using ultrasonicated Vulcan XC-72 before and after the
electrochemical reduction process. These experiments were conducted in a
one-compartment all-glass electrochemical cell with 5 mL of 0.1 M PB with a range of

different BHb concentrations: 0.2, 0.1, 0.05, 0.01, 0.005, and 0.001 g L.
3.1.3.3 Modification of Surface Functionalities of Carbon Fabric by the use of
Electroreduction

A Spectracarb 2225 carbon fabric held in a Swagelok setup (described in Section
3.1.2.3) was electrochemically reduced to preferentially reduce C=0O surface groups. The
reduction procedure was the same as that described previously in Section 3.1.3.2.

3.1.4 Electrochemical Activity of Nafion-immobilized Bovine Hemoglobin on a
Glassy Carbon Electrode

Immobilizing hemoglobin on an electrode surface using a polymer, such as
Nafion,?**?° is one strategy that may enhance its electrochemical activity.!' 10 uL of
1 g L'! BHb was air-dried on a glassy carbon electrode (CHI 104, 3.0 mm diameter),

followed by a film of Nafion. Two forms of Nafion were used in this thesis; one was a
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solid piece of Nafion, and another was a thin film formed from a liquid suspension,
which will be described later in this section. The solid piece of Nafion (Nafion 117,
Aldrich Chemical Company Inc., 0.007 inch thick) was washed and stored in Millipore
water for approximately a week and pressed dry with a Kimwipe immediately before use.
A different cell configuration was required when using a solid piece of Nafion
117 polymer to hold BHb onto the glassy carbon surface because the Nafion did not stay
attached to the glassy carbon electrode. Instead, a polytetrafluoroethylene (PTFE)
Swagelok pipe fitting was used as an electrochemical cell. A 4.5 mm x 4.5 mm solid
Nafion 117 film was pressed flat over the glassy carbon (3.0 mm glassy carbon inner
diameter, 6.35 mm total diameter including the inert Kel-F polychlorotrifluoroethylene
sealant) with or without the air-dried BHD film. The modified working electrode was
inserted through a 6.35 mm diameter hole in the bottom of the Swagelok PTFE hollow
screw. The screw was then held inside the Swagelok pipe fitting where a part of the pipe
fitting was pressed against the edges of the solid Nafion 117 film on the working
electrode. The Nafion film was held firmly in place by the finger-tight pressure of the
screw applied to the Swagelok pipe fitting, and by the weight of both the electrolyte and
Swagelok setup. The Swagelok cell was filled with 2 mL of 0.1 M PB (pH 7.08)
electrolyte through the wider opening of the Swagelok pipe fitting. Leaks around the
Nafion film were tested electrochemically by adding 0.2 g L' BHb in PB to the cell. The
Hg/Hg>SO4 reference and Pt mesh counter electrodes were placed in the wider opening of
the Swagelok pipe fitting. A detailed diagram of the modified Swagelok setup is shown

in Figure 3.3 and a photograph of the setup can be seen in Figure 3.4.
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Top to Bottom Layered View

Top end of
Swagelok PTFE pipe fitting
(16 mm inner diameter)

(

2
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Figure 3.3 A top to bottom layered view and a side view of the Swagelok setup used as
an electrochemical cell for studying the effects of solid Nafion on the electrochemical
activity of BHb on a glassy carbon electrode.

Figure 3.4 A photograph of the Swagelok cell for studying the electrochemical activity
of solid Nafion-immobilized BHb on a glassy carbon electrode.
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A thin film of Nafion prepared from a liquid suspension was another form of
Nafion used to immobilize BHb on a glassy carbon electrode. After having 10 uL of
1 g L'! BHD air-dried on a clean glassy carbon electrode, 10 pL of a liquid Nafion
suspension (5.0-5.4% Nafion content by weight in ca. 45 £ 3 % water and 48 = 3%
I-propanol, Ion Power Inc., DuPont DE521) was placed on top and air-dried to form a
thin layer of Nafion. The modified electrode was electrochemically tested in a
one-compartment glass cell containing 5 mL of 0.1 M PB (pH 7.08). As a control
experiment, 10 pL of the Nafion liquid suspension was used create a thin film of Nafion
on the glassy carbon working electrode, and then air-dried without BHD for
electrochemical testing. For comparison purposes, BHb was air-dried on the glassy
carbon working electrode without any Nafion for electrochemical testing.

The glassy carbon working electrode was cleaned and polished prior to
electrochemical testing. The electrode was first cleaned by peeling away the Nafion film,
and excess BHb was wiped away using a Kimwipe. Then the electrode was washed with
Millipore water before and after being submersed in 1 M NaOH for ca. 5 minutes. The

glassy carbon electrode was then polished as described previously in Section 3.1.3.2.

3.1.5 Effects of Aqueous-alcohol Electrolyte on the Electrochemical Reduction of
Bovine Hemoglobin using a Glassy Carbon Electrode

A concern when performing electrochemical testing using Nafion-immobilized
BHD are the possible differences in the prepared Nafion films on a glassy carbon
electrode (CHI 104, 3.0 mm diameter). One of the main differences is the presence of
1-propanol in the liquid Nafion suspension,'! which is not present in the solid piece of

Nafion 117. Prior to electrochemical testing, liquid suspensions of Nafion may
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sometimes be mixed with methanol'*?>% or ethanol.?*!'®> To test whether the presence of
I-propanol in the currently used liquid Nafion suspension, or methanol or ethanol found
in other Nafion preparations, have an effect on the electrochemical activity of BHb, an
alcohol was added to the electrolyte.

To test the impact of alcohols on the electrochemical activity of BHb, a total of
10 mL electrolyte was used, which consisted of 0.1 M PB (pH 7.08), with or without
0.2 g L'! BHb, and one of the following water-miscible primary alcohols: methanol
(99.9%, Fisher Scientific), ethanol (100%, anhydrous), or 1-propanol (99.5%, Caledon
Laboratory Chemicals). The alcohol content was varied in the electrolyte in increments
of 10%, up to 60% by volume.

Exposing a polished glassy carbon electrode to methanol may also have an effect
on the electrochemical activity of BHb. Therefore, a polished glassy carbon electrode
was submersed in methanol for 30 minutes, and then rinsed with Millipore water before
electrochemical testing in 0.2 g L' BHb with 0.1 M PB.

The glassy carbon working electrode was cleaned by following several steps.
First, the electrode was wiped with a Kimwipe to remove any excess BHb from prior
experiments. The glassy carbon was then rinsed with Millipore water before and after
submersion in 1 M NaOH for ca. 5 minutes to remove any remaining BHb. The
electrode was then finally polished using an identical procedure previously described in

Section 3.1.3.2.
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3.1.5.1 Influence of Oxygen in Phosphate Buffer Electrolyte during Electrochemical
Experiments

To determine whether the increased reduction currents in the DPVs of BHb-free
aqueous-alcohol electrolyte seen in Chapter 5 were due to more dissolved oxygen, DPVs
of PB saturated with different gases were recorded. 10 mL of PB electrolyte was left
standing in ambient air, saturated with nitrogen (>99.995%, Praxair), or saturated with
oxygen (>99.5%, Praxair). The PB electrolyte was purged with either nitrogen or oxygen
gas for approximately one hour prior to the electrochemical experiments and the gas
continued to flow through the electrolyte during the experiments. A glassy carbon
electrode (CHI 104, 3.0 mm diameter) was polished using the procedure described

previously in Section 3.1.3.2 prior to use for the electrochemical experiments.

3.1.6 Electrochemical Activity of Bovine Hemoglobin Films Formed on a Glassy
Carbon Electrode

BHD is known to adsorb directly onto carbon materials'®®

and may be
electrochemically active. The addition of an alcohol to the BHb-containing electrolyte
during the adsorption process may change the electrochemical activity of BHb. The
BHb-adsorption procedure used in this thesis research is described here.

BHbD was adsorbed onto polished glassy carbon electrodes (CHI 104, 3.0 mm
diameter). Prior to the adsorption procedure, the glassy carbon electrodes were polished
and cleaned identically to the procedure described previously in Section 3.1.5. A glassy

carbon electrode was first submerged in 0.1 M PB (pH 7.08), without any alcohol or with

one of the following water-miscible primary alcohols: methanol (MeOH), ethanol
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(EtOH), or 1-propanol (1-PrOH). Then BHb dissolved in 0.1 M PB was added to the
mixture by using a pipette, attaining a final concentration of 0.2 g L! in the
aqueous-alcohol mixture with a final alcohol content of either 0%, 30%, or 60% by
volume. Glassy carbon was incubated in the mixture for 30 minutes, followed by a

10 minute submersion in Millipore water and a final rinse with Millipore water to remove

any excess BHb before electrochemical testing.

3.2 Characterization of Carbon-Oxygen Surface Functional Groups

As discussed in Section 2.2.5, carbon surface oxides may affect the
electrochemical activity of BHb; thus, surface-sensitive examination of carbon electrode
materials for carbon-oxygen groups is required. The techniques used for this purpose

were XPS, ATR-FTIR, and TPD.

3.2.1 X-ray Photoelectron Spectroscopy (XPS)

XPS data were collected for carbon samples by Andrew George (technician,
Department of Physics, Dalhousie University) using a Thermo VG Scientific Multilab
ESCA 2000 spectrometer with a Mg Ka X-ray source (1253.6 eV, 0.6 mm diameter spot
size) and a CLAM4 MCD electron energy analyzer with a pass energy of 30 eV. The
spectra of the carbon samples were collected at room temperature and a pressure of
1 x 10® Torr. The data were then analyzed using CasaXPS version 2.3.17PR1.1
software. The counts per second were normalized relative to the graphitic peak for all
spectra. A Shirley background and Gaussian-Lorentzian functions were used when

fitting XPS data. Only the XPS spectra for Vulcan XC-72 on glassy carbon plates and
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Spectracarb 2225 required shifting relative to a graphitic peak position of 284.3 eV.!16-119
The binding energy shift was likely due to electrostatic charging during photoemission
where the sample was becoming more positive, thus resulting in a shift of the XPS
spectrum towards higher binding energy. Fitted Cis XPS peaks were positioned based on
known literature values: C=C at 284.3 eV, 119 C-0O at 285.5 eV, 13122 C=0 from 286.8
t0 287.1 eV, 2510210611 7.18121 COQR at 288.8 eV, 25 102106.117.118123 1k shakeup from
290.3 to 290.4 eV,106:116.123.124 5q plasmon processes at 292.6 eV.!%%124 Fitted O15 XPS
peaks, although less well-established than Cis XPS peaks, were also positioned based on
known literature values: C=0 from 531 to 532 eV and C-O from 533 to 534

eV IBITI64165 Nonte Carlo simulations were performed using the CasaXPS software to
provide one standard deviation error estimates based on a normal distribution to
determine whether the surface concentration percentages calculated from fitted peaks of

different carbon samples were considered significant.

3.2.1.1 Preparation of Carbon Samples for XPS

The carbon powders examined by the use of XPS were the same as those
described previously in Section 3.1.2.2: graphite, glassy carbon, Vulcan XC-72, and
Black Pearls 2000. Additionally, ultrasonicated and ultrasonicated/reduced samples of
Vulcan XC-72 on clean glassy carbon plates (SPI Supplies) were tested by the use of
XPS. The preparations of the ultrasonicated and ultrasonicated/reduced Vulcan XC-72
samples were described previously in Section 3.1.3.2. The carbon samples were stored in
a desiccator for approximately a day until XPS analysis.

The glassy carbon plates were cleaned prior to use for XPS. The cleaning

procedure began with an identical polishing step previously described in detail in Section
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3.1.3.2 for the glassy carbon electrode. Additionally, the glassy carbon plates were
ultrasonicated in Millipore water for 15 minutes to remove residual diamond polish.

Glassy carbon plates were also examined by the use of XPS to study the effects of
aqueous-alcohol exposure. The clean glassy carbon plates were then submersed in
aqueous-alcohol PB electrolyte for 30 minutes. The alcohol content in the electrolyte
was one of 0% alcohol, 30% MeOH, 40% MeOH, 60% MeOH, 40% EtOH, 50% EtOH,
60% EtOH, 30% 1-PrOH, 50% 1-PrOH, or 60% 1-PrOH. After the removal from the
aqueous-alcohol electrolyte, the glassy carbon plates were submersed in Millipore water
for 10 minutes and then rinsed to avoid the crystallization of phosphates from the PB.

The treated glassy carbon plate samples were kept dry in a desiccator until XPS analysis.

3.2.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR spectra were recorded using an Agilent Technologies Cary 630 FTIR
spectrometer fitted with an ATR accessory in single-bounce mode operating at a 45°
angle. For each sample, 256 scans were collected over 600 to 4000 cm™ with 4 cm’!
resolution using a Ge crystal. Scans of air were used for background subtraction
immediately before scanning the sample, and further background subtraction of the
measurements was performed by fitting a 3™ degree polynomial using the least-squares

method.

3.2.3 Temperature Programmed Desorption (TPD)

TPD was conducted on a TA Instruments SDT Q600 system connected to a TA
Instruments Discovery quadrupole mass spectrometer. The instrument and furnace were

purged with Ar gas at a rate of 400 mL min™' and then the flow was adjusted to 100 mL
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min’! for the measurement. Each carbon sample (ca. 2 mg) was held in an alumina
crucible, equilibrated at 25 °C where the temperature was held at 25 °C until the sample
weight was stable, and held at that temperature for a further 5 minutes to ensure stable
measurements. The temperature was programmed to change at a linear rate of 5 °C min’!
from 25 to 1000 °C. Each carbon sample was tested three times to ensure reproducibility.
The derivative of each thermal gravimetric analysis (TGA) plot was also used to
emphasize small weight changes, in addition to TGA plots. The desorbed CO and CO»
gases were sampled through a 300 °C heated capillary leading to the quadrupole mass
spectrometer. The internal pressure of the mass spectrometer was 27 Torr. The dual
Faraday detector collected data up to 50 m/z with particular attention on m/z of 28 (CO)
and 44 (CO»). All TPD data were processed using TA Universal Analysis version 4.5A
software.

To calculate the amount of carbon surface oxides desorbed from the carbon
surface, the intensity versus temperature plots from the mass spectrometer data were
integrated while assuming a linear background. The resulting number was then divided
by the heating rate, the charge of an electron (1.6 x 10 C), the mass of the carbon
sample, and Avogadro’s number. The final result was then expressed in comparable

units of pmoles of carbon surface functionalities per g of carbon sample.

3.3 Scanning Electron Microscopy

Scanning electron microscope (SEM) images were collected for carbon samples
by Patricia Scallion (technician, Department of Engineering, Dalhousie University) using

a Hitachi S-4700 FEG scanning electron microscope to examine possible changes to the
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carbon surface after treatments to modify its carbon-oxygen surface groups. An
accelerating voltage of 5000 V was used for imaging the Black Pearls 2000 carbon before
and after heat treatment. The Black Pearls 2000 carbon samples were mounted on carbon
tape (Ted Pella Inc., PELCO Tabs, 12 mm outer diameter, 16084-1). A lower
accelerating voltage of 2000 V was used for the Vulcan XC-72 powder as-received, after
ultrasonication and after ultrasonication/electrochemical reduction. The ultrasonicated
Vulcan XC-72 suspensions were air-dried on identical glassy carbon plates (SPI
Supplies) for approximately 20 hours and then thoroughly washed with Millipore water
and stored in desiccant before SEM measurements. The Vulcan XC-72 powder
as-received was mounted on copper tape (3M) for SEM imaging. The ultrasonicated and
ultrasonicated/reduced forms of Vulcan XC-72 on the glassy carbon plates were also

mounted on copper tape for SEM imaging.

3.4 Hemoglobin Film Thickness Measurement

3.4.1 Atomic Force Microscopy (AFM)

An atomic force microscope was used to collect images of a clean polished glassy
carbon plate and BHb-adsorbed glassy carbon plate using a JPK Nanowizard II Ultra
instrument (Rainey lab, Department of Biochemistry & Molecular Biology, Dalhousie
University). A silicon tip (NanoWorld, NCST-20, Pointprobe®, 2.8 um thick, 150 pm in
length, 27 um in width, resonance frequency of 160 kHz, force constant 7.4 N m™'),
operating with a drive frequency of 163 kHz was used under intermittent contact mode to
record images of the glassy carbon plate samples with and without adsorbed BHb.

Contact mode was used to scratch the surface of the BHb-adsorbed glassy carbon plate.
50



The glassy carbon plate was cleaned using the procedure described previously in
Section 3.2.1.1. A BHb-adsorbed glassy carbon sample was created by submersing a
clean glassy carbon plate in 0.2 g L' BHb with 0.1 M PB for approximately 30 minutes,
followed by submersion in Millipore water for 10 minutes and then rinsed with Millipore
water to remove excess BHb. The BHb-adsorbed glassy carbon plate was then dried in

air for approximately a day before imaging.

3.4.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry data were collected for BHb-adsorbed glassy carbon
samples by Dr. Robbie Sanderson (laboratory manager, Dahn research group,
Department of Physics, Dalhousie University) using a M-2000F J.A. Woollam
spectroscopic ellipsometer in reflectance mode with a 65° angle of incidence relative to
the vertical normal for all measurements. To ensure reproducibility, scans were
performed on nine different areas of each sample. The wavelengths scanned were from
210 nm to 1000 nm. CompleteEASE version 4.24 software was used for all ellipsometry
data processing. A detailed discussion regarding which models were used to calculate the
hemoglobin film thickness on glassy carbon is presented in Section 6.3.3.1.

All samples were prepared on glassy carbon plates (SPI Supplies, 2.5 mm thick).
The glassy carbon plates were cleaned by wiping with Kimwipe, extensive washing in
distilled water, followed by a 10 minute soak in 1 M NaOH, and this procedure was
repeated two more times. Then the plates were ultrasonicated in Millipore water for

10 minutes. The plates were then polished to a mirror-like finish using 1 micron diamond
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polish, and ultrasonicated in Millipore water for 10 minutes followed by a final rinse with
Millipore water to remove residual diamond polish.

On the day of spectroscopic ellipsometry measurements, BHb was adsorbed onto
clean glassy carbon plates using the procedure previously described in detail in Section
3.1.6. The total concentration of BHb was 0.2 g L™! in all the aqueous-alcohol mixtures.
The total alcohol (MeOH, EtOH, or 1-PrOH) content in a given mixture was 0%, 30%, or
60%, by volume. The total volume for each mixture was 10 mL. After the glassy carbon
plates were incubated in the mixture for 30 minutes, the glassy carbon plates were
removed and submersed in a clean glass beaker of Millipore water for 10 minutes and
then rinsed with Millipore water to remove any phosphates that may crystallize on the
surface of the glassy carbon plates. The samples were then air-dried for approximately

one hour prior to taking spectroscopic ellipsometry measurements.

3.4.2.1 Examining Hemoglobin-adsorbed Glass by the use of UV/Vis Spectroscopy

A Cary 5000 Ultraviolet-Visible (UV/Vis) spectrophotometer (Varian, Inc.) was
used to examine BHb adsorbed on glass microscope slides (Corning Incorporated,
2947-75x25, 75x25x1 mm, 0215 glass) in double beam split mode. Background
measurements were recorded on clean glass microscope slides, which were cleaned
thoroughly using Millipore water, 1 M NaOH rinses, and copious amounts of Millipore
water. Seven clean glass microscope slides were incubated in different aqueous-alcohol
electrolytes with 0.2 g L"! BHb for 30 minutes, identical to the BHb incubation procedure
used on glassy carbon previously described in Section 3.1.6. Additionally, 1 mL of
0.2 g L' BHb in PB was air-dried on a 55 x 25 mm area of a clean glass microscope

slide. The wavelength range was 200-800 nm and measurements were taken at a rate of
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600 nm min!. Varian UV Scan (Cary WinUV) software was used for data collection

from the instrument.

3.4.2.2 Examining Hemoglobin-adsorbed Glass by the use of Fluorescence

A Cary Eclipse instrument was used for fluorescence measurements (Zhang
research group, Department of Chemistry, Dalhousie University). The excitation
wavelength was 280 nm and the emission wavelengths were from 290 - 420 nm with a
measurement rate of 120 nm min™' and excitation and emission slits of 5 nm.
Background measurements were recorded on clean glass microscope slides. The seven
BHb-adsorbed glass microscope slides incubated in aqueous-alcohol electrolyte with
BHb and one air-dried BHb sample on a glass slide were all prepared using the same
procedure previously described in Section 3.4.2.1. The prepared glass microscope slides
were then placed at a 30° angle from the incident light to increase the distribution of the
incident light over a greater sample area and thus decrease sensitivity to the exact sample

placement.!%¢

3.5 Characterization of Bovine Hemoglobin in Aqueous-alcohol
Electrolyte

3.5.1 UV/Vis Spectroscopy

A Cary 5000 Ultraviolet-Visible (UV/Vis) spectrophotometer (Varian, Inc.) was
used with 1 cm path length quartz cuvettes in double beam split mode, with 0.1 M PB in
the reference cuvette. Samples of aqueous-alcohol electrolyte containing alcohol
(MeOH, EtOH, or 1-PrOH) content ranging from 0 to 60% in 10% increments by volume
in PB without BHb were recorded as background scans. Preparation of the samples
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containing 0.2 g L'! BHb in an aqueous-alcohol electrolyte with different alcohol content
was described previously in Section 3.1.5. These samples were measured using the
wavelength range of 200-800 nm at a rate of 600 nm min!. Varian UV Scan (Cary

WinUYV) software was used for all data collection from the instrument.

3.5.2 Fluorescence

A Cary Eclipse instrument with a 10 mm quartz cuvette was used for fluorescence
measurements (Zhang research group, Department of Chemistry, Dalhousie University).
The excitation wavelength was 280 nm and the excitation and emission slits were 5 nm.
The emission wavelengths were recorded from 290 - 420 nm with a measurement rate of
120 nm min!. Samples of 0.2 g L' BHb in an aqueous-alcohol electrolyte with varying
alcohol content (0 to 60% by volume in 10% increments, MeOH, EtOH, or 1-PrOH)
described previously in Section 3.1.5 were examined by the use of fluorescence.
Background measurements were recorded for identical samples without BHb. The
aqueous-alcohol mixtures prepared without BHb were identical to those previously

described in Section 3.1.5.
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Chapter 4 The Influence of Carbon-Oxygen
Surface Functional Groups on the
Electrochemical Detection of Bovine Hemoglobin

Much of the work presented in this chapter was published in “The influence of carbon-
oxygen surface functional groups of carbon electrodes on the electrochemical reduction
of hemoglobin*, Justin Tom and Heather A. Andreas, Carbon 2017, 112,230-237. JT
was responsible for most of the data collection, all the analysis, and preparation of the
manuscript.

Data on the characterization of carbon-oxygen surface functional groups on Spectracarb
2225 were previously published in “Carbon oxidation and its influence on self-discharge
in aqueous electrochemical capacitors”, Alicia M. Oickle, Justin Tom, and Heather A.
Andreas, Carbon 2016, 110, 232-242. JT was responsible for most of the XPS, TPD, and
ATR-FTIR data collection and the data analysis from TPD and ATR-FTIR experiments
of Spectracarb 2225 presented in Sections 4.8.2 and 4.8.3. XPS data analyzed by HAA
are presented in Section 4.8.4.

The entirety of Sections 4.2, 4.3, 4.8.1, 4.8.5, and the DPV results presented in Section
4.9 with their corresponding analyses are new to this chapter, and have not been
previously presented in the manuscripts listed above. The TPD error analyses and O
XPS spectra for four carbon powders are presented in this chapter, and were not present
in either publication.

Andrew George (Technician, Department of Physics, Dalhousie University) operated the

XPS instrument, and Patricia Scallion (Technician, Department of Engineering,
Dalhousie University) operated the SEM instrument.

4.1 Introduction

The abundance of carbon, its low cost and wide potential range are some of the
reasons why carbon is a commonly used electrode material.3%!671%8 For instance, a pencil
electrode is a readily affordable carbon electrode that can be used to electrochemically
detect hemoglobin (Hb) for potential diagnosis of clinical diseases such as anemia.'*’ As
outlined previously in Section 2.2.5, the electrochemical activity of Hb on various carbon

materials is inconsistent, which may be due to differences in carbon surface
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oxides.!®1%2223 Some groups reported enhanced Hb electroactivity with an increase in

carbon surface oxides,'®>?

while others observed enhanced activity when the surface
oxides were removed.!? A careful examination of the carbon-oxygen surface functional
groups present on carbon electrode materials is necessary, and is the focus of this chapter.
Knowledge of the link between Hb electroactivity and carbon surface oxides will provide
better fundamental understanding of the various Hb electrochemical activities on carbon
seen in the literature. Identification of a particular carbon-oxygen surface functionality
that enhances or inhibits Hb electroactivity may allow for a more thoughtful and focused
surface modification to either increase or remove the relevant functionality.

In this chapter, cyclic voltammetry and differential pulse voltammetry were used
to evaluate the electrochemical activity of Hb on various carbon electrode materials.
TPD, XPS, and ATR-FTIR were used to examine the presence of carbon-oxygen surface
functional groups. Upon identification of possible inhibiting carbon-oxygen surface
functionalities, these groups were removed from a carbon material, causing a significant
increase in Hb activity, confirming the role of carbon-oxygen surface functionalities in
inhibiting the Hb electroactivity.

The data presented in this chapter are split into several sections. Section 4.2
presents the electrochemical activity of Hb on a pencil electrode, including experimental
results that are inconsistent with the literature data. Section 4.3 discusses why the
platinum microcavity electrode, is an appropriate setup to examine the electrochemistry
of BHb when filled with different carbon electrode materials. Section 4.4 examines and
compares the electrochemical behavior of BHb in solution using four different carbon

electrode materials. Section 4.5 is a discussion of the structural differences in the carbon
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materials used. Section 4.6 then examines the surface functionalities of the four different
carbon powders using TPD, ATR-FTIR, and XPS. Results from each technique are
examined in detail and then combined to yield a more complete idea of the carbon-
oxygen surface functional groups present on the carbon powders and the relationship of
these surface functional groups to the electrochemical activity of BHb. The remaining
sections in this chapter are results and discussions of carbon modifications to control
particular carbon-oxygen surface functional groups (Sections 4.7-4.8) and an evaluation
of the carbon modifications to electrochemically detect a range of BHb concentrations

(Section 4.9).

4.2 Hemoglobin on a Pencil Electrode

This thesis work was originally initiated because of a literature report that showed
excellent electrochemical activity from human hemoglobin (HHb) on a simple pencil
electrode.'* Figure 4.1 shows a typical result from attempts to reproduce the reported
literature result when using the exact same pencil type (505210N) from the same supplier
(Rotring). The Ag/AgCl (1 M KCl) reference electrode is expected to be -0.022 V versus
the saturated calomel electrode, abbreviated as SCE, implying that the results shown in
Figure 4.1a are shifted by +0.022 V relative to the literature results shown in Figure 4.1b.
Since the potential shift is small, the CVs can still be easily compared, and the HHb
redox peaks were expected at approximately -0.24 V (reduction) and -0.20 V (oxidation)
versus Ag/AgCl (1 M KCl), as indicated by the red arrows in Figure 4.1a. A broad

reduction peak was observed near -0.35 V versus Ag/AgCl (1 M KCl), suggesting that
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the HHb reduction reaction is slow. The expected HHb redox peaks were not observed

and the reported literature result was not reproducible using this pencil electrode.
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Figure 4.1 (a) CVs of Rotring 505210N pencil before (black dotted curve) and after
modification with HHb (solid red curve) with red arrows indicating the location of the
expected hemoglobin redox peaks. (b) Published literature CVs of a similar Rotring
505210N pencil before (cycle a) and after HHb immobilization (cycle b) from Majidi et
al. Electroanalysis 2011, 23, 1984-1990, reproduced with permission for comparison
purposes.

Several different brands of pencil electrodes (Derwent Graphic, DeSerres,
Staedtler) of different pencil hardness (9B, 7B, 8B, 5B, 3B, 2B, B, HB, H, 3H, 4H, 5H,
6H) as described in Section 3.1.2.1, have also been attempted and each resulted in no
HHD electroactivity. The type of graphite and binders and possibly other impurities
present in pencils are not strictly controlled;'®® thus, the interactions between them and
HHDb would result in too many unknown variables. Therefore, the focus of the research

was shifted to more controlled and known types of carbon.

4.3 Platinum Microcavity Electrode

A microcavity electrode is a convenient, reusable setup for studying the

electrochemistry of different powders with reproducible results.!>!33%15¢ A diagram of
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the microcavity electrode was provided previously as Figure 3.1 in Section 3.1.2.2.1
(page 36). A particularly important advantage of using the microcavity electrode for this
work is that no binder is required to hold the carbon powder together, avoiding the
additional interactions originating from the binder.!3>!3* Avoiding the effects from a
binder is imperative because its specific effects on Hb and carbon-oxygen surface
functional groups is not known.

Before examining the electrochemistry of BHb using the microcavity electrode
filled with a carbon powder, the electrochemical behavior of BHb must first be examined
with the platinum microcavity electrode itself. Establishing the electrochemistry of BHb
on platinum is important because the platinum is in direct contact with both the carbon
powder and the electrolyte. Although the focus of this thesis is on the examination of the
electrochemistry between BHb and carbon, there is the possibility of an interfering signal
if BHD reacts on the platinum microcavity electrode. This section is a short investigation
of the electrochemistry of platinum with and without the presence of BHb in the
electrolyte before proceeding to study the electrochemical activity between BHb and
carbon in the later sections.

Cyclic voltammetry and differential pulse voltammetry techniques were used to
investigate the electrochemical behavior of BHb on the platinum microcavity electrode.
The potential range of +0.3 to -0.9 V is the same as that used for studying BHb on the
carbon powders. As shown in Figure 4.2, representative voltammograms for platinum in
the presence of BHb did not reveal any new peaks when compared to the voltammograms
in BHb-free electrolyte, suggesting that BHb is not redox-active on platinum within the

potential range used. The decreases in current within the hydrogen underpotential (-0.9
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to -0.7 V) and platinum oxide reduction (-0.3 to -0.1 V) regions of Figure 4.2 in the
presence of 0.2 g L'! BHb are consistent with literature results and are attributed to a
smaller electroactive surface area as a result of protein adsorption on platinum. 617
Additionally, the CV shows a very slight increase in the anodic current at potentials more
positive than ca. +0.1 V (Figure 4.2a). A similar observation has been noted in literature
reports using a platinum electrode and has been associated with the oxidation of various

amino acids.!”"'7? Since this thesis is not concerned with the oxidation of amino acids on

platinum, potentials more positive than +0.1 V were not examined further.
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Figure 4.2 Representative cyclic voltammograms (a) and differential pulse
voltammograms (b) of a clean microcavity electrode exposing only platinum to the 0.1 M
PB (pH 7.08) electrolyte without (dotted black curves) and with 0.2 g L' BHb (solid red
curves).

The lack of a new observable peak for BHb reaction on the platinum microcavity
electrode is ideal for this research. If and when a peak arises from using a carbon powder
inserted in the microcavity electrode in a BHb-containing electrolyte, then the peak can

be attributed solely to the electrochemical activity of BHb on carbon.

60



4.4 Electrochemical Detection of BHb using Carbon

The electrochemical activity of BHb on carbon was examined by the use of
cyclic voltammetry and differential pulse voltammetry using a microcavity platinum
electrode filled with a carbon powder. The CVs of graphite and glassy carbon (Figure
4.3a and c, respectively) in BHb-containing electrolyte show a broad cathodic peak
centered at approximately -0.69 V, matching literature values for Hb reduction. %168
The broad cathodic peak in Figure 4.3a is similar to that seen previously in Figure 4.1a,
confirming that graphite was a major component in the Rotring 505210N pencil. More
distinct cathodic peaks were observed at -0.575 V in the graphite and glassy carbon
DPVs (Figure 4.3b and d respectively). The shift in the cathodic peak location in DPV
when compared to the CV is consistent with data published by Toh et al.'> A DPV is
similar to taking a derivative of a linear sweep voltammogram where the peak potential in
a DPV would be at an inflection point in the linear sweep voltammogram, resulting in a
peak at an earlier potential in the DPV than in the CV. Therefore, the cathodic peak shift
observed when comparing DPVs to CVs (Figure 4.3) is not specifically due to BHb, but
rather fundamentally due to the technique itself.

BHbD is obviously electrochemically active on the graphite and glassy carbon
powders, but inactive on Vulcan XC-72 and Black Pearls 2000 powders (Figure 4.3e-h).
While the CVs of Vulcan XC-72 and Black Pearls 2000 showed a small cathodic peak
(Figure 4.3e and g), the DPV's showed very little or no reduction at the BHb potential
(Figure 4.3f and h), suggesting that the cathodic CV peak was not due to BHb reduction
on these carbons. Further experiments were performed where BHb-free PB electrolyte

was injected into the cell and then re-examined by the use of cyclic voltammetry. An
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increase in cathodic current was observed at ca. -0.7 V on both Vulcan XC-72 and Black
Pearls 2000 (Figure 4.4a and b), suggesting that the CV peak in Figure 4.3¢ and g were
not associated with BHb but are likely due to the reduction of O, which is introduced to

the electrolyte during the injection.
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Figure 4.3 CVs (left column: a, c, e, g) and DPVs (right column: b, d, f, h) of graphite
(a and b), glassy carbon (¢ and d), Vulcan XC-72 (e and f) and Black Pearls 2000 (g and
h) in 0.1 M PB without (dotted curves) and with (solid curves) 0.2 g L' BHb.
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Figure 4.4 CVs of Vulcan XC-72 (a) and Black Pearls 2000 (b) in 0.1 M PB before
(dotted curves) and after (solid curves) injection of BHb-free PB into the electrochemical
cell.

These data (Figures 4.3 and 4.4) indicate that BHD is electrochemically active on
graphite and glassy carbon materials, but inactive on the Vulcan XC-72 and Black Pearls
2000 carbon blacks. The voltammograms indicate that the BHD electrochemical activity
decreases in the order of graphite, glassy carbon, Vulcan XC-72 and Black Pearls 2000.
The data demonstrate that different carbon materials have different electrochemical
behavior with BHb under identical conditions, supporting the observations seen in the
literature. To develop an effective electrochemical biosensor for BHb, a careful choice of
carbon electrode material is essential, and a fundamental understanding of the different

carbon-oxygen surface groups present may be required for the development of the

appropriate biosensor electrode materials.

4.5 Consideration of Structural Differences in Carbon Electrode
Materials on the Electrochemical Activity of BHb

The difference in the electrochemical activity of BHb on the different carbon

materials cannot simply be explained by their structural differences. BHb electroactivity
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does not scale with the surface area because, based on literature findings, the surface area
of the carbon materials used here increases in the order of glassy carbon (1 m? g!)!”?

< graphite (3 m? g")!”* < Vulcan XC-72 (205 m? g'))!'® < Black Pearls 2000

(1500 m? g'"),!">!17* whereas BHb electroactivity increases in the order of Black Pearls
2000 < Vulcan XC-72 < glassy carbon < graphite.

Micropores, with diameters < 2 nm,'”> may prevent the relatively large BHb
protein, which has a diameter of 5.5 nm,!”® from accessing some of the surface. Glassy
carbon and graphite powders have a very low degree of microporous structure; while
50% of Vulcan XC-72’s surface area is in micropores'’> and Black Pearls 2000 has 61%
microporous area.!” Accounting for the micropores, then approximately 102 m* g'! and
585 m? g'! of the surface area would be available for Vulcan XC-72 and Black Pearls
2000 to be electrochemically active towards BHb; these adjusted areas are still orders of
magnitude larger than the surface areas of glassy carbon (1 m? g!)!” and graphite (3 m?
g3, Because of the large overall surface area for Vulcan XC-72 and Black Pearls
2000, significant BHb electrochemical activity on the remaining accessible surface is still
expected, even if the surface area associated with microporosity was eliminated.

The degree of disorder or, conversely, graphitization has also been considered.
The degree of disorder of all the carbon materials used in this research is well-studied in
the literature. A carbon’s degree of disorder may be estimated by examining the ratio of
the intensities from the D (representing structural disorder) and G (representing graphitic
structure) bands measured by Raman spectroscopy.!”’"!” Graphite is known to have a
low degree of disorder (high graphitization)!””!8%18! and exhibits good Hb

electrochemical activity. In contrast, glassy carbon, which is also BHb-active, has a
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higher degree of disorder (lower graphitization)!””!181:182 with a disorder-to-graphitization
ratio > 1.!"7 Vulcan XC-72 and Black Pearls 2000 have intermediate disorder with a
disorder-to-graphitization ratios of 1.04!°2 and 0.94!7* respectively, but exhibit little to no
BHb electrochemical activity. Since the electrochemical detection of BHb was clearly
more pronounced on both highly disordered glassy carbon and highly graphitized
graphite powders, but not on either intermediate-disordered carbon blacks, then the
degree of disorder cannot be the most influential factor in electrochemically reducing
BHb. Thus, another difference must account for the different electrochemical activity of

BHD on these different carbon materials.

4.6 Carbon-Oxygen Surface Functionality Characterization of
Carbon Powder Electrode Materials

Other research groups have suggested that carbon-oxygen surface functional
groups may influence the electrochemical reduction of Hb.!*!%! The presence of
carbon-oxygen surface functional groups may be the key to explain the inconsistencies
seen in the published data for Hb electrochemistry on carbon. These surface groups are
clearly important, but the electrochemical activity of Hb is inconsistently attributed to

18.52 or fewer!? carbon-oxygen surface groups exist. Therefore, this section

whether more
details the identification of which carbon-oxygen surface functional groups are present on
the carbon powder materials and relates the results to the observed BHb electrochemistry
shown in Section 4.4.

Prior to examining the carbon-oxygen surface functional groups, other elements

may be present on the carbon surface as impurities that should be investigated, which
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may cause spurious Hb electrochemical activity. Impurities on the surface of the four
carbon powders examined in this chapter were investigated by the use of XPS. XPS
results showed that only carbon and oxygen were detected on the surface of all four
carbon powders studied (Figure 4.5). The XPS detection limit is typically 0.1 atomic %,
suggesting no significant surface contaminants on the carbon powders.

The Cis XPS spectra in Figure 4.6 qualitatively suggest that Black Pearls 2000 has
the highest degree of oxidation of the four carbon powders studied, as shown by higher
intensities in binding energies between 285 and 289 eV. Oxygen is more electronegative
than carbon; thus, carbon bonded to oxygen shifts the carbon binding energies to higher
values. The degree of surface oxidation can be calculated from the XPS data by taking
the ratio of the integrated oxygen and carbon peaks. The data in Figure 4.5 show that
Black Pearls 2000 (5.0% = 0.4% O), Vulcan XC-72 (4.7% =+ 0.4% O), and glassy carbon
(4.4% £ 0.5% O) had similar degrees of surface oxidation, with graphite having the
lowest degree of surface oxidation (1.1% O). Graphite and glassy carbon both have high
BHD electrochemical activity (Figure 4.3a-d, Section 4.4) but have very different degrees
of surface oxidation (1.1% O and 4.4% O respectively). BHb was electrochemically
active on glassy carbon (Figure 4.3c and d, Section 4.4), but exhibited little to no activity
on Vulcan XC-72 and Black Pearls 2000 (Figure 4.3e-h, Section 4.4), suggesting that the
overall degree of carbon surface oxidation is not predictive of the electrochemical activity
of BHb. Therefore, the specific carbon-oxygen bonding environment (i.e. carbon-oxygen
functional groups) on the carbon surface must be a more important factor for the

electrochemical reduction of BHb.
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Figure 4.5 XPS spectra showing that only carbon and oxygen were detected on the four
carbon powders used in this thesis: Black Pearls 2000 (black), Vulcan XC-72 (purple),
glassy carbon (green), and graphite (blue).
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Figure 4.6 Normalized Cis XPS spectra of four carbon powders studied in this chapter:
Black Pearls 2000 (black dot-dot-dash curve), Vulcan XC-72 (purple dashed curve),
glassy carbon (green solid curve), and graphite (blue dotted curve).
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A combination of XPS, TPD and ATR-FTIR were used to identify the specific
carbon-oxygen surface functionalities on the as-received carbon powders. Results from
each technique will be discussed separately in detail and then combined with the other

techniques as this chapter progresses.

4.6.1 Carbon-Oxygen Surface Functional Groups Identified by the use of TPD

As described previously in Section 2.4.1, TPD is a combination of thermal
gravimetric analysis (TGA), where the sample weight is measured continuously as the
temperature is changed, and a mass spectrometer detector that may yield quantitative
information on carbon-oxygen surface functional groups. A typical TGA plot is
presented in Figure 4.7a, but due to relatively small weight losses, its derivative is also
shown in Figure 4.7b to more clearly indicate the weight loss of possible surface
functional groups present on the carbon powders. This section refers to the peaks seen in
the derivative TGA plots.

The small peak (Figure 4.7b) centered near 350-360 °C suggests the presence of
either a carboxylic anhydride or a carboxylic acid surface functional group.”® However,
this could not be confirmed due to the absence of a CO; signal (Figure 4.7¢c) at these
temperatures from the mass spectrometer detector, likely due to very low sample weight
loss. Since this peak is present in all of the carbon powders, the surface functionality
corresponding to this peak is likely not a significant factor in the different BHb
electrochemical activities. The peak centered near 590 °C for Black Pearls 2000, coupled
with the small increase in CO; detection, (Figure 4.7b and c) at that temperature suggests

the presence of a lactone group.®*!18183:18% The amount of surface lactones on Black
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Pearls 2000 obtained by integratiing mass spectrometry data (see Table 4.1) is

26 umol g!, which agrees with the literature value of 24 + 7 pmol g! obtained by the use
of Boehm titration for this carbon.'?> No surface lactones were present on graphite,
glassy carbon, or Vulcan XC-72 based on the integrated mass spectrometry data
presented in Table 4.1.

The increase in CO; detection at temperatures above 600 °C for all carbons
(Figure 4.7¢ and Table 4.1) cannot be assigned to a particular carbon-oxygen surface
functional group and could be due to the occurrence of a secondary reaction.”*!*> For
example, a Boudouard reaction could take place where CO(y) is released as the result of a
decomposed surface oxide, and reacts with a surface oxide on carbon to form COzg) and a
free carbon surface site.”>!2*13¢ Therefore, the COx) trend (Figure 4.7¢c and Table 4.1)
suggests that Black Pearls 2000, which has the largest amount of evolved COz(), may
have formed the largest amount of CO) and graphite may have formed the least. In
consideration of the estimated errors from the standard deviation of three replicate trials
(Table 4.1), Vulcan XC-72 and glassy carbon evolved similar amounts of COx(g),
suggesting that they may have also evolved similar amounts of CO(). These two carbons
in particular had different BHb electroactivity, suggesting again that the carbon-oxygen
bonding environment on the carbon surfaces is more important than the amount of
surface oxygen. Since the CO(g) release relates to phenol, ether, carbonyl, and quinone
surface decomposition, the COz) trend implies the amounts of these groups may be the
greatest on Black Pearls 2000 and the least on graphite powders.

To separate phenols from ethers, carbonyls, and quinones, the temperature range

of the weight loss can be used. A surface phenol is expected to decompose as COyg)
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within a temperature range of 600 to 700 °C.”*!%¢ Sample weight loss from 600 to

700 °C (Figure 4.7b) coupled with the COx(g) release (Figure 4.7¢), due to the possible
Boudouard reaction, suggests that surface phenols may be present on both Vulcan XC-72
and Black Pearls 2000 carbon powders, but cannot be confirmed due to a lack of
expected CO(g) release (Figure 4.7d). The lack of weight loss (Figure 4.7b), COx(g)
evolution (Figure 4.7¢), and CO(g) evolution (Figure 4.7d) between 600 and 700 °C

observed on the glassy carbon and graphite powders indicate no surface phenols.
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Figure 4.7 A TGA plot of the sample weight with respect to temperature (a) and its
derivative (b) with mass spectrometer detector responses for m/z 44 (CO2) (c) and m/z 28
(CO) (d). All data shown here are an average of three replicates for Black Pearls 2000
(black dot-dot-dashed curve), Vulcan XC-72 (purple dashed curve), glassy carbon (green
solid curve) and graphite (blue dotted curve).
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A broad derivative TGA peak near 750 °C (Figure 4.7b) indicates the presence of
a possible ether surface functional group®® on Vulcan XC-72, Black Pearls 2000, and
glassy carbon powders. The most evident difference in the TGA data of the as-received
carbon powders are at temperatures greater than ca. 800 °C (Figure 4.7a and b) with
simultaneous CO release (Figure 4.7d), suggesting the presence of either a C=0 or
quinone surface group.’®!10-118.183.18% TpD) data (Table 4.1) suggests the amount of
carbonyl or quinone surface groups increase in the following order: graphite < glassy
carbon < Vulcan XC-72 = Black Pearls 2000.
Table 4.1 Quantification of carbon surface oxides from integrating TPD mass
spectrometry data. The reported results are an average of three replicates with one

standard deviation.

Amount of functionality from TPD Gas Release
umol g™ sample

CcO COz COz
500 — 600 °C 600 — 1000 °C
Black Pearls 2000 297+ 6 26+7 158 £2
Vulcan XC-72 294 +3 Negligible 146 + 2
Glassy Carbon 246 £ 7 Negligible 144 +£5
Graphite 166 £ 25 Negligible 51+17

CO; evolution at temperatures above those for lactones (600 °C) could not be
reliably assigned to a known carbon-oxygen surface functional group. To account for
CO; evolution at these higher temperatures, a Boudouard reaction was assumed to occur,
which implies that two CO from carbon surface oxides are required to form one COz(g).”
Based on the total evolved CO and CO; gases from the TPD data summarized in Table
4.1 and assuming the Boudouard reaction occurred above 600 °C, the amount of carbon

surface oxide increases in the order of: graphite (268 + 42 umol g'!') < glassy carbon
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(534 £ 12 pmol g!) < Vulcan XC-72 (586 + 5 umol g'!') < Black Pearls 2000 (639 + 10
umol g™).

These results may appear to contradict the similar degree of surface oxidation of
glassy carbon, Vulcan XC-72, and Black Pearls 2000 carbon powders determined by the
use of XPS, but in fact reveal additional information regarding the location of the carbon
surface oxides. XPS is known to probe up to 10 nm from the sample surface,'*
suggesting that pores deeper than 10 nm from the surface are not probed for carbon-
oxygen surface groups. On the other hand, TPD does not have a similar constraint as
long as CO(g) and COx(e) are evolved, implying that carbon surface oxides likely exist in
pores deeper than 10 nm on the Vulcan XC-72 and Black Pearls 2000 powders.

Various carbon-oxygen surface functional groups were identified using TPD.
Carboxylic acid or anhydride surface groups may be present on the four carbon powders
tested, but could not be confirmed due to a lack of detected COz(g). The identification of
surface phenols on Vulcan XC-72 and Black Pearls 2000 by the use of TPD were also
inconclusive due to a lack of detected CO(,). Based on TPD, greater amounts of surface
ether, quinone, and carbonyl groups may be present on Vulcan XC-72 and Black Pearls
2000 when compared to either glassy carbon or graphite powders. Additionally, surface
lactones were found only on Black Pearls 2000 and not on the other carbon materials.
The effects of these surface oxides on BHb electroactivity will be discussed later in
Section 4.6.4. TPD analysis for carbon is typically complemented using other
characterization techniques, such as ATR-FTIR and XPS to help confirm the different
carbon surface oxides. The results from these complementary techniques will be

discussed in the next two subsections.
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4.6.2 Carbon-Oxygen Surface Functional Groups Identified by the use of
ATR-FTIR

As discussed previously in the background chapter, ATR-FTIR is a surface
sensitive technique used in this thesis to help identify the different carbon-oxygen
functional groups on the carbon surfaces in conjunction with TPD and XPS. Unlike TPD
and XPS, only qualitative comparisons of the different carbon powders are possible by
the use of ATR-FTIR because the sample powder's particle size and packing
characteristics are well-known to change the reflectance in the ATR-FTIR spectra.!3%!3!
The results are shown in Figure 4.8, following its interpretation.

The presence of a very broad peak ranging from 3250 and 3400 cm™! for all

carbon powders suggests an O-H group,!?%18¢

which may be due to either a phenol group,
a carboxylic acid group, or adsorbed water on the carbon surface from the air.

Carboxylic acid surface groups are possible on all the powders, but only Black Pearls
2000 and Vulcan XC-72 may possibly have phenolic surface groups as suggested by the
use of TPD results discussed previously in Section 4.6.1. The peak at 2350 cm! is most
likely due to the presence of adsorbed COx present on all the carbon powders.'®” The
peak near 2000 cm™! present on Black Pearls 2000, Vulcan XC-72, and glassy carbon
could be a C=0 group belonging to an ester.!!! Another peak near 1850 cm™! also present
on Black Pearls 2000, Vulcan XC-72, and glassy carbon, may be interpreted as a C=0
group belonging to an anhydride.”*!*® A weak peak located at 1700 cm™' could suggest

that carbonyl groups®>!?%!8¢ are present on both Black Pearls 2000 and Vulcan XC-72,

but absent on graphite and glassy carbon powders. Another peak at 1550 cm™ suggests
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the presence of quinone groups,’>!%128:188 45ain on both Black Pearls 2000 and Vulcan
XC-72 powders, but not on glassy carbon nor graphite.
Peaks located within the range of 1000-1300 cm™ indicate C-O surface

93.102.188 which may be interpreted as either a phenol or ether group on the carbon

groups,
powders. However, on these glassy carbon and graphite powders, phenol groups were
not in evidence in the TPD data in Section 4.6.1. Therefore, the corresponding C-O
peaks from the ATR-FTIR spectra of glassy carbon and graphite were assigned to ether
surface groups. For the Vulcan XC-72 and Black Pearls 2000 carbon blacks, the C-O

93128 gince both of these groups

peaks may be assigned as ether and phenol surface groups
may exist as discussed in Section 4.6.1. A more detailed consideration and discussion of

the possible surface phenols and its influence on the electrochemistry of BHb will

continue in Section 4.7.
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Figure 4.8 ATR-FTIR spectra of four carbon powders studied in this thesis: glassy
carbon (green solid curve), Black Pearls 2000 (black dot-dot-dash curve), Vulcan XC-72
(purple dashed curve), and graphite (blue dotted curve). The transmittance of the carbon
spectra were shifted for clarity.
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In summary, the ATR-FTIR spectra suggest that ester or anhydride surface groups
may be present on the glassy carbon, Vulcan XC-72, and Black Pearls 2000 powders.
The ATR-FTIR spectra also suggest that Black Pearls 2000 and Vulcan XC-72 powders
may have carbonyl and quinone surface groups, agreeing with TPD (Section 4.6.1) and
XPS (Section 4.6.3) results. Additionally, ATR-FTIR data suggest that glassy carbon and
graphite powders may not have quinone or carbonyl surface groups due to the absence of

corresponding ATR-FTIR peaks (Figure 4.8).

4.6.3 Carbon-Oxygen Surface Functional Groups Identified by the use of XPS

XPS may be used to identify and quantify different carbon-oxygen surface
functional groups due to their different chemical environments. The Ois and Cis XPS
spectra of the four carbon powders were fitted to quantify these different chemical
environments. The carbon-oxygen surface groups previously identified by the use of
TPD and ATR-FTIR were used as a guide to assign different carbon-oxygen surface
groups during peak fitting.

O1s XPS spectra for Black Pearls 2000, Vulcan XC-72, glassy carbon, and
graphite powders are presented in Figure 4.9a-d. The O1s XPS fitted peak binding
energies ranging from 531 to 532 eV have been assigned as C=0 and 533 to 534 eV have
been assigned to C-O based on previous literature reports.”>!17:164165 The broadness of
the fitted peaks in the O1s XPS spectra were also matched to literature reports by
constraining the full width at half maximum between 1.5 and 2.2 eV.?*1¢5 A tabulated

summary of the fitted results is shown in Table 4.2.
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After fitting the C=0 and C-O surface groups to the Os XPS spectra of the
carbon samples tested, only Black Pearls 2000 could be reliably resolved (Figure 4.9).
For the Vulcan XC-72 and glassy carbon powders, the estimated errors in the C=0 and
C-O relative surface concentrations were so large that these surface groups could not be
reliably compared between different carbon samples (Table 4.2). The apparent shift
towards lower peak binding energy for the fitted C=0 and C-O peaks in the glassy carbon
powder sample (Figure 4.9¢) may be due to the presence of more thermally stable C=0
and C-O surface groups.'® The fitted peak shifts in the glassy carbon powder sample are
unlikely due to X-ray damage given its common use in X-ray techniques or surface
charging given its conductivity. The graphite sample examined had a noisy O1s XPS
spectrum (Figure 4.9d), likely due to the low abundance of surface oxygen (1.1% O,
Section 4.6), meaning this spectrum could not be fitted reliably. The fitted peaks for Ois
XPS spectra of the three carbon powders were not well-resolved and have significant
peak overlap, resulting in uncertain and unreliable data interpretation. Black Pearls 2000
was the only carbon sample that had reliable O1s XPS fittings, showing that there are
more C-O surface groups than C=0 carbon powder, which is consistent with the weight
losses in the temperature ranges corresponding to surface ethers and phenols seen from

the TPD data (Section 4.6.1).
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Figure 4.9 Fitted O1s XPS data for as-received Black Pearls 2000 (a), Vulcan XC-72 (b),
glassy carbon (c), and graphite (d) carbon powders. The dotted points represent the
original O1s XPS spectra. The solid colored fitted peaks represent the C-O and C=0
bonding environments. The solid black curve represents the sum of the fitted peaks.

Table 4.2 A tabulated summary of C-O and C=0 surface groups for each as-received
carbon powder based on fitted O1s XPS spectra. Each entry listed in the table contains
the relative percent surface concentration based on integration under the fitted peak, the
full width at half maximum, and the center position of the fitted peak. Errors in the
relative percent surface concentration were estimated using one standard deviation
calculated from Monte Carlo simulations assuming a normal distribution.

C-O C=0

66 + 8% 34 + 8%

Black Pearls 2000 2.08 eV 1.57 eV
533.4eV 532.0eV
60 + 10% 40 £ 10%

Vulcan XC-72 2.06 eV 1.67 eV
533.4¢eV 532.0eV
53+ 17% 47 £ 17%
Glassy Carbon 220eV 1.87 eV
533.0eV 531.6 eV
Graphite No reliable fit
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Interpretation of Cis XPS spectra is more reliable and well-established than Ois
interpretation. Figure 4.10 is a visual representation of all the peaks used to fit the Cis
XPS spectra and Table 4.3 presents the numerical parameters used to fit each peak as
well as their resulting relative surface concentrations for Black Pearls 2000, Vulcan
XC-72, glassy carbon, and graphite carbon powders. Although not a carbon-oxygen
surface functional group, the n-n* shakeup is also presented; the n-n* shakeup originates
from the aromaticity of the sp® carbons. Quantitative comparisons of the n-n* shakeup
surface concentrations cannot be made reliably between samples due to high estimated

errors (ca. £3 %).
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Figure 4.10 Fitted Cis XPS data for as-received Black Pearls 2000 (a), Vulcan XC-72
(b), glassy carbon (c), and graphite (d) carbon powders. Dotted black curves represent
the original Cis XPS spectra. Each solid colored fitted peak represents a certain surface
group. The black solid curve represents the sum of the fitted peaks.
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The carbon-oxygen surface groups identified and quantified by the use of Cis XPS
for each carbon powder sample are summarized in Table 4.3. The fitted peak centered at
285.5 eV suggests C-O surface functional groups, which can be interpreted as an ether or
phenol.!%120:121 Ap increase in the C-O surface concentrations (graphite < glassy carbon
< Vulcan XC-72 < Black Pearls 2000) agrees with the TPD evidence presented
previously in Section 4.6.1. A fitted XPS Cis peak centered between 287.1 eV and
286.8 eV, suggests the presence of a carbonyl group on all four carbon

98,102,106, 117,118,121 \yith the same trend of increasing surface carbonyl groups as

powders,
TPD (Section 4.6.1), which was graphite < glassy carbon < Vulcan XC-72 = Black Pearls
2000. The fitted peak centered at 288.8 eV (Table 4.3 and Figure 4.10) suggested the

presence of COOR surface groups,’®102:106.117.118

which are interpreted as either a lactone,
carboxylic acid, or anhydride. The COOR surface group assignment on the Vulcan
XC-72 and Black Pearls 2000 was consistent with ATR-FTIR results, as was the lack of
COOR groups suggested by the use of Cis XPS on graphite. COOR surface groups were
expected on the glassy carbon powder by the use of ATR-FTIR, but the quantity of
COOR was negligible on the glassy carbon powder after fitting the Cis XPS spectrum,

likely due to the fitted n-n* shakeup peak overlapping the fitted COOR peak.
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Table 4.3 A tabulated summary of different surface groups represented by the
corresponding fitted peak in the Cis XPS spectra for each as-received carbon powder.

Each entry listed in the table contains the relative percent surface concentration based on
integration under the fitted peak, the full width at half maximum, and the center position

of the fitted peak.
C=C C-O C=0 COOR | m-n* shakeup

Black Pearls 61.4% 20.3% 5.8% 6.1% 6.4%

2000 1.31eV 1.57 eV 1.47 eV 231eV 3.5eV
2843 eV | 2855eV | 286.8eV | 288.8 eV 290.3 eV

67.7% 17.3% 5.6% 4.5% 4.9%
Vulcan XC-72 | 1.33 eV 1.47 eV 1.50 eV 1.99 eV 3.03eV
2843 eV | 285.5eV | 2869eV | 288.8eV 290.4 eV

72.0% 14.6% 4.6% 8.8%
Glassy Carbon | 1.14eV 1.47 eV 1.50 eV | Negligible 4.10eV
2843 eV | 285.5eV | 287.1 eV 290.4 eV

73.2% 12.8% 3.4% 10.6%
Graphite 1.07 eV 1.47 eV 1.50 eV | Negligible 4.78 eV
2843 eV | 2855eV | 287.0eV 290.3 eV

4.6.4 Discussion of BHb Electroactivity in regards to Identified Carbon-Oxygen
Surface Functional Groups

Interpretation of all of the TPD, ATR-FTIR, XPS, and electrochemical data
suggests that sufficient quinone, carbonyl, phenol, lactone, and ether surface groups may
be inhibiting the electrochemical activity of BHb on carbon (Table 4.4). The presence of
more C=0 carbonyl and quinone surface groups found on the Vulcan XC-72 and Black
Pearls 2000 powders strongly suggest that these surface groups likely inhibit BHb
electroactivity since BHb was inactive on these two powders. Possible carboxylic acid
and anhydride surface groups on all four of the carbon powders tested are unlikely to
influence the BHb electroactivity on these carbon powders since BHb was active on
glassy carbon and graphite, and inactive on Vulcan XC-72 and Black Pearls 2000, but
cannot be ruled out. Surface lactones identified on the Black Pearls 2000 powder may be

involved in inhibiting the electrochemical reduction of BHb because surface lactones
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were not found on the other carbon materials. The identification of surface phenols on
Vulcan XC-72 and Black Pearls 2000 was inconclusive; thus, the effect of surface
phenols on the electrochemistry of BHb is inconclusive. Ether surface groups are present
on all carbon materials, but their exact quantities were uncertain. In order to
unambiguously confirm which carbon oxide surface group had a greater impact on the
electrochemistry of BHb, carbon modification by removing particular carbon-oxygen
surface groups is necessary, which will be described next.

Table 4.4 A summary of possible carbon surface oxides identified using TPD,
ATR-FTIR, and XPS.

Carbon-Oxygen Surface Groups

Carbonyl
COOH or Lactone Phenol Ether & BHb ..
Anhydride . Electroactivity
Quinone
Bla;l;(f)’g arls Present Present Possible Present Present no
Vulcan .
XC-72 Present None Possible  Present Present no
Glassy . Some
Carbon Possible None None Present Present yes
) ) Little
Graphite Possible None None  Present yes
Present

4.7 Modification of Black Pearls 2000 by the use of a Heat Treatment

Knowledge of the carbon-oxygen surface functional groups from the previous
sections may be used to modify a carbon material to improve BHb electrochemical
reduction. In the previous sections, several different carbon-oxygen surface groups were
identified as possibly being responsible for inhibiting BHb electroactivity. If the removal
of some of these carbon-oxygen surface functional groups improves the electrochemical

activity of BHb, then the removed surface groups can be directly linked to inhibition of
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the electrochemical reduction of BHb. Black Pearls 2000 was chosen for modification
since it had the highest degree of surface oxidation of the four carbon powders tested and
showed no BHb electroactivity. In this section, selective removal of surface lactones,
carboxylic acids, anhydrides, and phenols was performed by the use of a heat treatment
of the Black Pearls 2000 carbon black at 1000 °C for 2 hours. According to Figueiredo et
al., this temperature is well-known to be sufficient for the complete removal of these
groups, but is insufficient for the complete removal of carbonyl, quinone, or ether
groups,” which may also inhibit BHb electrochemical reduction. The heat treatment will
distinguish whether the COOR (i.e. lactones, carboxylic acids, and anhydrides), and
phenolic surface groups are more important in the electrochemical reduction of BHb than
the carbonyl, quinone, and ether surface groups.

Careful observation of TGA data are required to monitor the complete removal of
the COOR and phenolic surface groups. TGA was recorded during the entire heating and
cooling processes under an Ar atmosphere (Figure 4.11). The process of heating to 1000
°C was expected to have similar results to those presented in Figure 4.7a. Holding the
temperature at 1000 °C ensures the complete removal of all phenolic and COOR surface
groups, while only partially removing ethers, carbonyls, and quinones.”> The cooling
process was recorded to ensure the surface carboxylic acids, anhydrides, lactones, and
phenols were completely removed from the carbon surface. Some sample weight
decrease continued during the cooling process from 1000 to 800 °C (Figure 4.11a), due to
incomplete removal of ethers, carbonyls, and quinones.”® No significant sample weight

changes were observed when cooling to temperatures below 800 °C (Figure 4.11a and b),
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suggesting the complete removal of all COOR and phenolic surface groups on this carbon

after the heating procedure.”?
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Figure 4.11 A representative TGA of the Black Pearls 2000 heated from room
temperature to 1000 °C with a 2 hour temperature hold and the cooling process under Ar
atmosphere (a) and the derivative TGA (b) of the cooling process to emphasize no weight
losses at temperatures below 800 °C. Temperature ranges for the expected weight losses
corresponding to surface carboxylic acid (red), anhydride (green), lactone (green), and
phenol (blue) surface groups are labeled in panel (b).

DPVs of the as-received Black Pearls 2000 are reproduced in Figure 4.12a for
ease of comparison with the heat-modified Black Pearls 2000 in Figure 4.12b. The heat-
treated Black Pearls 2000 showed no significant enhancement in the electrochemical
activity of BHb (Figure 4.12b), indicating that carboxylic acid, anhydride, lactone, and
phenol surface groups have a negligible impact on the electrochemical reduction of BHb.

The heat treatment used was not expected to significantly change the carbon
surface morphology. Heating the Black Pearls 2000 powder at a similar temperature of
950 °C under an inert Ar atmosphere does not significantly change the carbon surface
area.'® Heat-treated Black Pearls 2000 did not show a different surface morphology of

Black Pearls 2000 as suggested by the use of scanning electron micrographs presented in

Figure 4.13.
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Figure 4.12 DPV of as-received Black Pearls 2000 (a) was reproduced for convenience.
A representative DPV of heat-treated Black Pearls 2000 lacking carboxylic acid,
anhydride, lactone, and phenol surface groups (b). The electrolyte was 0.1 M PB without
(dotted curve) and with (solid curve) 0.2 g L"! BHb. Red arrows indicate the location of
the expected BHb reduction peak.
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Figure 4.13 Scanning electron micrographs of as-received Black Pearls 2000 carbon
black powder (a) and after heat treatment under Ar atmosphere for 2 hours at 1000 °C

(b).
4.8 Modification of Carbon by the use of Carbonyl C=0 Removal

To examine whether carbonyl surface groups inhibit the electrochemical activity
of BHb, a procedure known to remove C=0 surface groups from a carbon surface was
used and the BHb electrochemical activity was examined after the removal of C=0

surface groups. The known C=0 removal procedure was a simple electrochemical
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reduction process in aqueous phosphate solution, and the authors of this procedure
showed C=0 removal using infrared spectroscopy.'®

Several difficulties were encountered when performing the electrochemical
reduction process. The platinum microcavity electrode loaded with carbon powder failed
due to excessive evolution of hydrogen and subsequent loss of the carbon powder.
Therefore, a different electrode setup that does not require the platinum microcavity
electrode was necessary. Two different electrode setups were tested. One electrode
setup was a carbon fabric held in a Swagelok setup (Section 3.1.2.3), and another setup

used an aqueous carbon suspension prepared on a glassy carbon electrode (Section

3.1.3.2).

4.8.1 Electrochemistry of BHb on Spectracarb 2225

Spectracarb 2225 is a binderless woven carbon electrode material known to have
a very high surface area of ca. 2100 m?> g'1.!'”> Examination of Spectracarb's
electrochemistry with BHb and identification of its carbon-oxygen surface functionalities
is necessary before attempting electrochemical reduction modification. The
electrochemical activity of BHb on Spectracarb 2225 was examined by the use of
differential pulse voltammetry. The DPVs from Figure 4.14 clearly indicate no BHb
electroactivity; therefore, examination of the carbon-oxygen surface functionalities on
Spectracarb 2225 is the next logical step to determine whether its surface groups are

responsible for the lack of BHD activity.
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Figure 4.14 Representative DPVs of Spectracarb 2225 in 0.1 M PB (pH 7.08) without
(dotted black curve) and with (solid black curve) 0.2 g L'! BHb present in the electrolyte.

A red arrow indicates where the BHb reduction peak is expected to appear on a carbon
surface.

4.8.2 Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb 2225
by the use of Temperature Programmed Desorption

To examine the carbon-oxygen surface functionalities on Spectracarb 2225, TPD
was employed. The TGA plot (Figure 4.15a) shows the most sample weight loss in
comparison to all the carbons tested previously (Figure 4.7a), suggesting a greater
concentration of carbon-oxygen surface functional groups. The TGA plot and its
derivative (Figure 4.15a and b) show that the majority of the Spectracarb 2225 weight
loss occurred at temperatures higher than approximately 600 °C. Integration of the mass
spectrometer signal for CO; from 500 to 600 °C reveals a negligibly small amount of
surface lactones,’® approximately 7 + 6 pmole of lactone per gram of carbon. At
temperatures of 600 °C and above, a release of CO; was observed with a peak at 920 °C

(Figure 4.15¢c). As described previously in Section 4.6.1, no particular carbon-oxygen
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surface functional group could be assigned but the release of COx(g) could be from the
released CO(g) reacting with a carbon surface oxide due to a possible Boudouard reaction.
From 600 to 1000 °C, 440 + 20 umole of COx(g) per gram of carbon was evolved,
suggesting that 880 + 40 umole of carbon surface oxide per gram of carbon may be
present on the Spectracarb 2225 if the Boudouard reaction occurred, which is
significantly more than the evolved COx) of all the carbons examined previously in
Section 4.6.1. At temperatures of 800 °C and above, the release of CO() was averaged to
be 450 £+ 30 umole of surface groups per gram of carbon, suggesting larger collective
amounts of ether, carbonyl, and quinone surface groups than those present on the carbon
powders. In consideration of the BHD electrochemical activity, the greater surface
concentrations of these groups are likely responsible for the inactivity of BHb on

Spectracarb 2225.
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Figure 4.15 TGA (a) and derivative TGA plots (b) of Spectracarb 2225. The mass
spectrometer detector response to m/z 44 (CO2) (c) and m/z 28 (CO) (d) are also shown.
All of the TPD data shown here are an average of three replicate trials.

4.8.3 Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb 2225
by the use of ATR-FTIR

Spectracarb 2225 was also characterized using ATR-FTIR (Figure 4.16). A
distinct peak at 1550 cm™! suggests the presence of quinone surface groups on
Spectracarb 2225710212818 aoreeing with the findings from TPD (Section 4.8.2). The
ATR-FTIR spectrum also revealed the presence of C-O, where its corresponding peak is
centered at 1040 cm™' %1218 Gince there is a lack of O-H stretching peaks at
wavenumbers higher than 3000 cm™, the results suggest that there may be a lack of
phenols and carboxylic acids, implying that the C-O groups should be assigned to ether
groups, agreeing with the TPD data in Section 4.8.2. Other features of the ATR-FTIR
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spectrum could not be reliably distinguished from the baseline. The ATR-FTIR results
here coupled with the lack of BHb activity on Spectracarb 2225 shown in Section 4.8.1
strongly suggest that the presence of surface quinones and ethers on the Spectracarb 2225

carbon surface may be inhibiting the electrochemical reduction of BHb.

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm!

Figure 4.16 ATR-FTIR spectrum of Spectracarb 2225.

4.8.4 Characterizing Carbon-Oxygen Surface Functionalities on Spectracarb 2225
by the use of XPS

The XPS spectrum of Spectracarb 2225 in Figure 4.17a showed only the presence
of Ci5 (284 eV) and O15 (532 eV). Known Ckrr and OxrL peaks due to Auger electrons
located at 991°%1°! and 746 eV,'%!2 respectively, were seen (Figure 4.17), similar to
those also observed previously (Figure 4.5, Section 4.6). A 4.0% degree of surface
oxidation was calculated for Spectracarb 2225 based on integration of the area under Cis
and Oy; peaks, which is similar to that of the glassy carbon powder (4.4 £ 0.5%)

described previously in Section 4.6. The results here reinforce that the degree of surface

90



oxidation determined by the use of XPS is not the most important factor in determining
the ability of a carbon to electrochemically reduce BHb because BHb was
electrochemically active on the glassy carbon powder, but not on the Spectracarb 2225.
However, TPD data suggested that significantly more carbon-oxygen surface groups
were present on Spectracarb 2225 than on the glassy carbon powder, which appears to
contradict the XPS data. The apparent contradiction may be resolved by considering the
structure of the Spectracarb 2225 material, the limitation of XPS, and the operation of
TPD.

Spectracarb 2225 carbon fabric is a woven material known to have an open pore
structure, as stated in its product description. As explained previously in Section 4.6.1,
XPS can probe approximately the first 10 nm from the sample surface.'** If the pores in
Spectracarb 2225 are deeper than 10 nm from the sample surface, then XPS cannot be
used to analyze the possible carbon-oxygen surface groups in those pores. However,
TPD may be used to investigate the carbon surface oxides in these deep pores as long as
CO(g) and COx(y) are released and detected as a function of temperature. Therefore, the
observed increase in carbon surface oxides on the Spectracarb 2225 by the use of TPD
over XPS is certainly plausible.

The fitted peaks representing different surface groups in the Cis XPS spectrum are
presented visually in Figure 4.17b and the relative surface concentrations of different
carbon surface groups are presented numerically in Table 4.5. The surface amount of
C-0O ether on Hb-inactive Spectracarb 2225 (15.0%) is similar to that of the Hb-active
glassy carbon powder (14.6%, Section 4.6.3), suggesting that perhaps up to 15% ether

surface groups is not sufficient to affect the electrochemical reduction of BHb and that
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the C=0 carbonyl groups are likely more influential in inhibiting BHb activity. The
surface amounts of carbonyl C=0 on Spectracarb 2225 (7.3%) are very high, even higher
than the previously characterized carbon powders where the highest amount was 5.8% on
Black Pearls 2000 (Section 4.6.3). The increased surface amounts of C=0 quantified by
the use of Cis XPS are consistent with the TPD results. Both Spectracarb 2225 and Black
Pearls 2000 were BHb-inactive, suggesting that the carbonyl C=0 surface groups are

influential in inhibiting BHD electrochemistry.
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Figure 4.17 XPS spectra examining other possible elements (a) and a fitted C1s XPS
spectrum of Spectracarb 2225 (b). The dotted black curve represents the original Cis
XPS spectrum, each solid colored fitted peak represents a certain surface group, and the
black solid curve represents the sum of the fitted peaks (b).

Table 4.5 A summary of tabulated Cis XPS results from peak fitting Spectracarb 2225.
The listed values are the relative surface concentration, full width at half maximum, and
the center of the fitted peak position for each fitted peak representing a different surface
group.

C=C C-0 Cc=0 | COOR T | blasmon
shakeup
Spectracar | 028% | 150% | 7.3% | 53% 7.5% 2.1%
e 131eV | 1.50eV | 1.50eV | 2.00eV | 3.00eV | 320eV
2843 eV | 28556V | 287.0 eV | 288.8 eV | 2004 eV | 292.6 eV
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4.8.5 Electrochemical Reduction of Spectracarb 2225

The electrochemical reduction modification of Spectracarb 2225 to remove
carbonyl surface groups (Section 3.1.3.3) failed. Hydrogen gas was generated on the
Spectracarb 2225 surface during the electroreduction procedure, likely becoming trapped
within the pores of the carbon material, preventing the removal of carbonyl surface
groups. As hydrogen gas continued to evolve during the electrochemical reduction
modification, the buildup of pressure deep within the pores of the Spectracarb 2225 may
have expanded the pores, eventually damaging the carbon surface. The attempted
electrochemical reduction treatment resulted in visibly damaging the Spectracarb 2225
material.

Although the electrochemical reduction modification of Spectracarb 2225 was
unsuccessful, important information regarding the electrochemistry of BHb on this
carbon was gained. Spectracarb 2225 contains carbon surface oxide groups consisting of
mainly ethers, carbonyls, and quinones. More carbonyl and quinone groups were seen on
Spectracarb 2225 than those seen previously for carbon powders. Since the amount of
ether groups is less on the Spectracarb 2225 than those on the BHb-inactive carbon
powders (Section 4.6) and BHb was not electrochemically active on Spectracarb 2225,
then it may be hypothesized that the carbonyl and quinone surface groups are more

important than surface ethers in inhibiting the electrochemistry of BHb.

4.8.6 Electrochemical Reduction Modification of a Vulcan XC-72 Aqueous
Suspension
To electroreduce a carbon powder, the carbon material may be attached to a

glassy carbon electrode following Guo’s method.'® Ultrasonication was used to create
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an aqueous suspension of the carbon material for casting onto glassy carbon. Creation of
the carbon suspension posed problems due to carbon aggregation in the suspension and
on the glassy carbon, but a concentration of 1 g L! yielded a stable aqueous suspension
and an even film upon drying. A suspension of the Vulcan XC-72 powder, formed
through ultrasonication in Millipore water, was then cast onto a glassy carbon electrode
for the electrochemical reduction modification procedure (Section 3.1.3.2).

The CVs and DPVs of the bare glassy carbon, ultrasonicated (before reduction)
Vulcan XC-72, and the ultrasonicated/reduced Vulcan XC-72 are shown in Figure 4.18a
and b. The current on the glassy carbon electrode in both BHb-free and BHb-containing
electrolyte was approximately an order of magnitude smaller than that observed on the
ultrasonicated Vulcan XC-72, meaning that the BHb response on glassy carbon can be
ignored when considering the Vulcan XC-72 experiments. Nevertheless, the glassy
carbon electrode, before and after the electrochemical reduction modification, was
evaluated since its contribution to BHb electrochemistry is not known. Ultrasonication of
the glassy carbon was not attempted since ultrasonication has been shown to damage the
surface of the glassy carbon.!”® No increase in the BHb cathodic current near -0.7 V
(Figure 4.18c and d) was observed after electroreduction of the glassy carbon electrode.
The results suggest that the majority of the increased cathodic current previously seen in
Figure 4.18a and b 1s indeed due to Vulcan XC-72 and the modifications of that material.

Experiments were not performed on as-received Vulcan XC-72 because this
carbon did not remain attached to the glassy carbon electrode upon insertion into the
electrolyte. Nevertheless, previous data on the as-received Vulcan XC-72 using a

microcavity electrode showed that BHb was barely electroactive on this carbon (Figure
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4.18e and f, reproduced from Figure 4.3¢ and f in Section 4.4). Ultrasonication of Vulcan
XC-72 in water was required to create a slurry to affix the carbon onto the glassy carbon
electrode. After the carbonyl surface groups were removed by the use of

160 of the ultrasonicated Vulcan XC-72 carbon, a clear increase in the

electroreduction
BHb electroactivity was observed (Figure 4.18a and b).

It is difficult to directly compare the electroactivity of the unmodified Vulcan
XC-72 with the modified carbon (Figure 4.18) because different electrode setups
(microcavity electrode versus films on glassy carbon) use different amounts of carbon
powder, resulting in different surface areas and currents. To facilitate comparison, the
current was normalized to the double-layer current (i.e. the current at a potential where no
redox reaction takes place) to account for the different electrode surface areas; -0.3 V was
chosen for this potential. It is obvious in the resulting normalized voltammograms
(Figure 4.19a and b) that there is a difference in the voltammograms recorded in the
absence of BHb. The cathodic currents recorded in BHb-free electrolytes were higher for
the ultrasonicated/reduced Vulcan XC-72 in the CVs near the BHb peak reduction
potential (ca. -0.64 V, Figure 4.19a), but were lower in the DPVs (ca. -0.575 V, Figure
4.19b). These results suggest a fast reduction reaction on the carbon surface, likely
originating from the ultrasonication process changing the carbon powder and the carbon
surface groups.'”*

Further data processing is required to account for the changing carbon response in
BHb-free electrolytes. The normalized reduction currents at the peak BHb reduction

potential in BHb-free electrolytes (Figure 4.19) were used as background current. The

results of the normalized and background-subtracted peak BHb reduction current (Figure
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4.20) clearly showed that the electrochemical reduction of BHD increased in the order of
as-received Vulcan XC-72 < ultrasonicated Vulcan XC-72 < ultrasonicated/reduced
Vulcan XC-72. The difference in BHb enhancement in the CVs and DPVs is likely due
to the ultrasonication process changing the carbon material and carbon surface groups!**
as discussed previously. Since the electroreduction modification procedure removes
surface carbonyl groups and an increase in BHb electroactivity was observed, these

results confirm that the carbonyls on the electrode surface inhibit BHb electroactivity.
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Figure 4.18 Representative CVs (a,c,e) and DPVs (b,d,f) of glassy carbon before (a-d,
green curves) and after electroreduction modification (c-d, black curves), ultrasonicated
Vulcan XC-72 on glassy carbon (a-b, brown curves), ultrasonicated/reduced Vulcan
XC-72 on glassy carbon (a-b, orange curve), and as-received Vulcan XC-72 powder (e-f,
purple curves, reproduced from Figure 4.3e and f for ease of comparison) in 0.1 M PB
(dotted curves) containing 0.2 g L™! BHDb (solid curves).
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4.8.7 Surface Characterization of Ultrasonicated/Reduced Vulcan XC-72

Scanning electron micrographs of the Vulcan XC-72 show that the surface
morphology did not significantly change during the ultrasonication or reduction
processing procedures (Figure 4.21). This suggests that the improvement in the
electrochemical reduction of BHb is not because of the change in the electrode surface
morphology, but must instead be a result of a change in surface chemistry. Therefore, the

carbon surface functional groups were examined by the use of XPS.

\Figure 4.21 Scanning electron micrographs of the as-received Vulcan XC-72 powder (a),
after ultrasonication in water (b), and after an electrochemical reduction treatment of the
ultrasonicated carbon (c).

T
500nm x80.0k SE(U)

To help explain the differences in the electrochemistry of BHb on the as-received
Vulcan XC-72, its ultrasonicated form, and its ultrasonicated/reduced form, Cis XPS was
used to quantify the amounts of carbon surface functionalities with particular focus on the
C=0 carbonyl and C-O ether groups. The fitted peaks are shown in Figure 4.22 and the
complete fitting details with the relative surface concentrations are presented in Table
4.6.

The fitted Cis XPS data for as-received Vulcan XC-72 and ultrasonicated Vulcan
XC-72 (Table 4.6) show a decrease in C-O (17.3 = 13.5%), and COOR (4.5 = 3.5%)

groups after ultrasonication. The increase in C=0 (5.6 = 6.5%) is not significant when
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considering the one standard deviation errors estimated by the use of Monte Carlo
simulations. As noted previously in Section 4.7, the presence of COOR surface groups
(i.e. carboxylic acids, anhydrides, lactones) do not affect the electrochemistry of BHb on
carbon. The enhanced BHb electrochemical activity is likely due to the significant
removal of the C-O ether groups, consistent with the Cis XPS results described
previously (Section 4.6.3).

The Cis XPS for the ultrasonicated/reduced Vulcan XC-72 sample showed a
surprising new peak at a higher binding energy of 292.6 eV, which was not previously
seen on the ultrasonicated Vulcan XC-72 nor on the as-received Vulcan XC-72. The
peak positioned at 292.6 eV was assigned to a plasmon process.!°*!?* Surface plasmons
are sensitive to surface modifications.'”> Changes to the intensity of the dipole moments
on the surface are expected to change their interaction with surface plasmons.!*>'°® The
appearance of this peak is likely due to the removal of carbonyl surface groups, in turn
changing the intensity of the dipole moments on the carbon surface since fewer

electronegative oxygen are present.
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Figure 4.22 Fitted Cis XPS data for ultrasonicated Vulcan XC-72 suspension air-dried on
a glassy carbon plate (a), and electrochemically reduced ultrasonicated Vulcan XC-72
suspension on a glassy carbon plate (b). The dotted black curve represents the measured
XPS data and the solid black curve represents the summation of all the fitted peaks.
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Table 4.6 Summary of results after fitting the C1s XPS spectra for as-received,
ultrasonicated, and ultrasonicated/reduced forms of Vulcan XC-72. Each entry listed in
the table contains the relative percent surface concentration based on integration under
the fitted peak, the full width at half maximum, and the center position of the fitted peak.
Monte Carlo simulations were employed to estimate one standard deviation errors when
calculating the relative percent surface concentrations of C-O, C=0 and COOR groups.

c=C C-0 C=0 COOR T | Plasmon
shakeup
67.7+2% | 173+1% | 56+0.9% | 45+0.5% | 49+2%
Vulcan XC-72 | 1.33eV 1.47 eV 1.50 eV 1.99 eV 3.03eV | Negligible
2843 eV | 2855eV | 286.9eV 288.8eV | 290.4 eV
Ultrasonicated 68.6+2% | 13.5£1% | 6.5+0.7% | 3.5+0.5% | 7.9+2% .
Vulcan XC-72 1.29 eV 1.50 eV 1.50 eV 2.00 eV 3.00eV | Negligible
2843 eV | 2855eV | 287.0eV 288.8 290.4 eV
Ultrasonicated | 70.6 £3% | 13.0+1% | 4.7+09% | 38*x1% | 47+2% | 32+1%
and Reduced 1.31eV 1.50 eV 1.50 eV 2.00 eV 3.00 eV 1.637
Vulcan XC-72 | 2843 eV | 285.5eV | 287.0eV 288.8eV | 290.4¢eV | 292.6eV

Electrochemical reduction of the ultrasonicated Vulcan XC-72 did not
significantly change the COOR and C-O surface groups (Table 4.6). The electrochemical
reduction process preferentially removed the C=0 surface groups, resulting in a decrease
from 6.5% to 4.7% (Table 4.6), agreeing with the significant decrease in C=0 signal from
the infrared spectroscopic results of Guo et al.'® The removal of C=0 resulted in an
additional increase in BHb electrochemical activity (Figures 4.18 and 4.20), consistent
with the relationship between C=0 and BHD activity shown in Sections 4.8.1-4.8.4 and
4.6.4.

The two-step carbon modification confirms that surface ethers, decreased by the
use of ultrasonication, and carbonyls, decreased by the use of electrochemical reduction,
inhibit BHb electrochemical activity on carbon materials. These carbon modifications
provide a relatively simple method for converting an electrochemically-inactive-BHb

carbon material into a much more active material.

101



4.9 Effectiveness of Detecting Different BHb Concentrations

Due to the successful improvement in BHb detection using the
ultrasonicated/reduced Vulcan XC-72, various BHb concentrations, ranging from 0.001
to 0.2 g L', were examined. CVs and DPVs without BHb were used for background
subtraction to account for small variations in the background currents, likely due to slight
differences in the formation of the Vulcan XC-72 films on the glassy carbon electrode.
The BHb concentration range used in this research is similar to the concentrations used
by Toh et al.'> No BHb activity was observed when 0.001 g L' BHb was used (Figure
4.23), whereas this was the lowest concentration where BHbD activity was observed by
Toh et al.'?> A response was evident when at least 0.005 g L' BHb was used; however,
there was no significant difference between the response of the ultrasonicated Vulcan
XC-72 and ultrasonicated/reduced Vulcan XC-72, due to the small current (Figure 4.23a).

For all BHb concentrations above 0.005 g L!, the ultrasonicated/reduced Vulcan
XC-72 showed an increased response over the ultrasonicated Vulcan XC-72 in the CVs
(Figure 4.23a), whereas the increased response was seen at 0.1 g L' BHb and above in
the DPVs (Figure 4.23b). For high concentrations of BHb (i.e. 0.1 g L' BHb and above),
the BHb reduction current was likely limited by the number of available reactive carbon
surface sites. Increased BHb reduction current was expected on the
ultrasonicated/reduced Vulcan XC-72 since more reactive carbon surface sites would be
available to react with BHDb after removing the inhibiting carbonyl surface groups and the
expected increase in current was observed. At lower BHb concentrations (i.e. 0.01 to
0.05 g L' BHb), the BHb reduction current is limited by the diffusion of BHb to the

carbon surface, resulting in similar BHb peak currents on both the ultrasonicated and
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ultrasonicated/reduced carbons. The similar BHb peak currents were observed in the
DPVs (Figure 4.23b), but clear differences were seen in the CVs (Figure 4.23a). The
difference between CVs and DPVs likely arises from the experimental procedure because
DPVs preferentially remove fast processes when periodically recording currents, whereas
CVs continuously record the currents. A larger BHb peak reduction current was
observed on the ultrasonicated/reduced Vulcan XC-72 than on the ultrasonicated Vulcan
XC-72 in the CVs, implying that a fast reaction occurred, such as the reduction of
adsorbed BHb. The differential pulse technique preferentially remove faster processes
(i.e. the reaction of adsorbed BHb) than slower processes (i.e. diffusion of BHb), likely
resulting in the observed similar BHb peak reduction currents on both modified carbons
for the BHb concentrations of 0.01 to 0.05 g L! in the DPVs.

In the above analysis, in order to explain the higher CV current for the reduced
versus ultrasonicated/reduced carbon, it must be assumed that more BHb is adsorbed on
the ultrasonicated/reduced Vulcan XC-72. This assumption is consistent with literature
showing that additional Hb adsorbs onto hydrophobic surfaces relative to hydrophilic
surfaces.!”” The ultrasonicated/reduced carbon likely has a more hydrophobic surface
than the ultrasonicated carbon due to the selective reduction of surface carbonyl groups.
As a result, greater amounts of BHb preferentially adsorbed onto the more hydrophobic
ultrasonicated/reduced Vulcan XC-72 carbon surface, resulting in greater BHb

electroactivity and agreeing with the CVs (Figure 4.23a).
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Figure 4.23 Plots of background-subtracted peak currents from CVs (a) and DPVs (b) of
ultrasonicated Vulcan XC-72 on glassy carbon (red dots) and ultrasonicated/reduced
Vulcan XC-72 on glassy carbon (blue triangles) in 0.1 M PB (pH 7.08) containing a
concentration range of BHb: 0.001, 0.005, 0.01, 0.05, 0.1, and 0.2 g L!. An average of
three replicate trials with one standard deviation for each concentration is shown in this
plot.

While comparing the DPVs in different BHb concentrations, the peak BHb
reduction potential was observed to shift 50 mV negative, from -0.575 V (0.1 g L' BHb)
to -0.625 V (0.005 g L'! BHb) as shown in Figure 4.24, but no peak shift was seen in the
CVs due to broad reduction peaks (not shown). The tetrameric form of Hb exists in

equilibrium with its dissociated dimeric form, %1%

and significant dissociation occurs at
concentrations less than a few uM of Hb,':1%82% (j ¢ below 0.2 g L' BHb). The
negative potential shift due to the dimers is consistent with published results showing that

smaller heme-containing proteins, such as myoglobin, had more negatively shifted heme

redox peaks than Hb on carbon.?’!

104



I/pA

'15 T T T T T T 1 '15 T T T T T T 1
-1 -08 -06 -04 -02 0 02 04 -1 -08 -06 -04 -02 0 02 04

E vs. Hg/Hg,SO, (sat. K,SO,) / V E vs. Hg/Hg,SO, (sat. K,SO,) / V

-0.57 4

~~
o
~

2 2
-0.58 4

-0.59 4
-0.6 a
-0.61 -
-0.62 -
-0.63 4

Peak Potential from DPVs/V

-0.64

0 0.05 0.1 0.15 0.2
Concentration of Hemoglobin / g L-!

Figure 4.24 Background subtracted DPVs of the ultrasonicated (a) and
ultrasonicated/reduced (b) Vulcan XC-72 in 0.1 M PB (pH 7.08) with the following
concentrations of BHb: 0.001 (dotted red), 0.005 (dashed orange), 0.01 (dot-dashed
green), 0.05 (dot-dot-dashed blue), 0.1 (dashed purple), and 0.2 g L! (solid black). Plots
of peak BHb reduction potentials from DPVs (c) of ultrasonicated Vulcan XC-72 (red
dots) and ultrasonicated/reduced Vulcan XC-72 on glassy carbon (blue triangles); a peak
was lacking for electrolyte containing 0.001 g L™! BHb; thus not shown. An average of
three replicate trials with one standard deviation for each concentration is shown (c).
BHb responded differently to the ultrasonicated and ultrasonicated/reduced
Vulcan XC-72 carbon materials. Either of these two modified carbons can be used to
detect BHb concentrations as low as 0.005 g L'!. The BHb responses were higher on the
ultrasonicated/reduced Vulcan XC-72 than on the ultrasonicated Vulcan XC-72 for BHb
concentrations greater than 0.005 g L' in the CVs and above 0.05 g L' in the DPVs

where additional BHb adsorbed on the more hydrophobic surface may have reacted faster

than BHD diffusing to the carbon surface. These experiments confirmed that C-O and
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C=0 surface groups inhibited BHb reduction, since their removal resulted in converting

an inactive carbon into a more active carbon electrode material.

4.10 Conclusions

As shown in this chapter, the C-O ether, C=0 carbonyl, and quinone surface
functional groups are responsible for inhibiting the electrochemical reduction of BHb in a
neutral pH PB electrolyte on carbon electrodes. A Spectracarb 2225 carbon fabric and
four different carbon powder electrode materials: glassy carbon, graphite, Vulcan XC-72
and Black Pearls 2000 were examined in this chapter. TPD, XPS and ATR-FTIR were
used to identify the carbon-oxygen surface functionalities and cyclic voltammetry and
differential pulse voltammetry monitored the electrochemical activity of BHb. XPS
showed that the overall degree of surface oxidation has no relationship with BHb
electroactivity. Additionally, the presence of small amounts of COOR and phenol
surface groups does not affect the electrochemistry of BHb, and selective removal of
these groups by heat treatment resulted in no change in the electrochemical reduction of
BHb. The data from TPD, ATR-FTIR, and XPS were consistent in suggesting that the
increased presence of C=0 or C-O surface functional groups inhibit the electrochemical
activity of BHb. Ultrasonication of the Vulcan XC-72 removed C-O ether surface
functionalities and resulted in a significant increase in the carbon’s electrochemical
activity with BHb. Further processing of the ultrasonicated Vulcan XC-72 by performing
an electrochemical reduction treatment selectively removed C=0 surface groups and
further improved its electrochemical activity with BHb. Therefore, to enhance the

electrochemical activity of BHb for biosensor applications, the C-O ether and C=0
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surface functionalities should be removed on carbon electrode surfaces, but the exact
mechanism for the inhibition is not yet known.

The C=0 and C-O on the carbon surface may be hydrogen-bonding with the polar
amino acid residues in BHD, possibly changing the protein conformation and partially
closing the heme pocket, thus making the reduction more difficult. Alternately, the C=O
or C-O surface groups may be causing the BHb to adsorb on the carbon surface in a
different orientation such that the hydrophobic region, containing the electrochemically
active heme group, is further from the electrode surface, as illustrated in Figure 4.25, thus
inhibiting the ability for electron transfer. Future work is proposed (Chapter 7) to address

the mechanism by which carbon surface groups affect BHb electroactivity.

(b)

(a)
Q 0] 00
I/ N\ Il |l
Carbon Carbon

Figure 4.25 An illustration of a carbon surface without carbon surface oxides (a) and
with carbon-oxygen surface groups interacting with Hb.

The ultrasonicated/reduced Vulcan XC-72 was evaluated for the detection of BHb
from a concentration range of 0.001 g L™ to 0.2 g L', with 0.005 g L' of BHb found to
be the lowest detectable concentration. The ultrasonicated/reduced Vulcan XC-72

improved the peak BHb reduction current over the ultrasonicated Vulcan XC-72 for BHb
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concentrations above 0.005 g L' in the CVs and above 0.05 g L' in the DPVs. The
voltammograms showed that the BHb peak reduction potential shifted negatively with

decreasing BHb concentrations, which was likely due to the dissociation of BHbD.
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Chapter 5 Enhanced Electrochemical Detection of
Bovine Hemoglobin using a Glassy Carbon
Electrode by Adding an Alcohol

The work presented in this chapter was submitted as “Enhanced Hemoglobin
Electroactivity on Glassy Carbon due to a Water-miscible Primary Alcohol in an
Electrolyte or as a Binder Solvent*, Justin Tom, Philip J. Jakubec, and Heather A.
Andreas, to Sensors and Actuators B in 2017. JT was responsible for the majority of the
data collection, analysis, and manuscript preparation. CV data were not presented in the
paper but are presented in this chapter. PJJ contributed additional data on the detection
limit and sensitivity of hemoglobin in methanol-containing electrolyte and wrote its
associated section in the manuscript; this section is not necessary to understand the work
presented in this thesis and is not shown.

5.1 Introduction

The electrochemical activity of hemoglobin (Hb) is believed to be related to the
redox reaction of the iron within the heme prosthetic group.!'"'* However, the four heme
groups in Hb are located in relatively deep hydrophobic regions of the protein and the
direct electron transport between these hemes and an electrode surface is difficult,!>1622
Thus, while Hb can be detected in solution, as shown in Chapter 4, it is more common to

11,48,202

use an electrochemical mediator or to immobilize Hb directly on the electrode

surface to observe electrochemical activity, !!-13:23:33.66.70.72,203
An important factor that separates research showing carbons which exhibit Hb
electrochemical activity from those that do not is whether a binder is used to hold the

materials on the electrode. Often, the binder is Nafion,4?%23:23:26

which is commonly
prepared from its liquid form, usually mixed with a water-miscible primary alcohol such

as methanol,'*?>?° or ethanol,>*!%? and then cast and dried to form a thin film. The effect

of an alcoholic solvent used in preparation of Nafion thin films to immobilize Hb is often
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overlooked. Alcohol has been shown to cause Hb denaturation,?®* aggregation,?®> and
conformational changes.?’> Whether these changes caused by an alcohol solvent in
Nafion also change the electrochemistry of Hb is unclear. Non-alcoholic solvent effects
on Hb have been seen with dimethyl sulfoxide, which improved the electrochemical
activity of Hb,®! while glycerol decreased its electrochemical activity.®® However, the
impact of a water-miscible primary alcohol on Hb electrochemical activity on unmodified
carbon has not been studied. Knowledge of the potential impact of the alcohol used in
Nafion film formation is vital in order to understand whether Nafion itself impacts the
electrochemical activity of Hb on carbon electrodes, and, specifically, whether a water-
miscible primary alcohol such as methanol, ethanol, or 1-propanol may impact
experiments where electrochemical activity of Hb is observed. This chapter examines
and discusses the impact of these alcohols on the electrochemical activity between a

glassy carbon electrode and BHb.

5.2 Differences in BHb Electrochemistry by Nafion Preparation

Immobilization of Hb is a commonly used technique to study its electrochemical

11.13,23,53.66,70.72.203 The purpose of the electrochemical experiments presented in

activity.
this section is to determine whether the electrochemical activity of BHb is different upon
immobilization with and without alcohol exposure from a Nafion film. Two differently
prepared Nafion layers were used to immobilize BHb on a glassy carbon electrode. One
Nafion layer was a solid Nafion film without any solvent (Nfsoii¢) and the other was

created by using a drop cast method from a liquid Nafion suspension (Nfsuspension). BHb

was immobilized by using 10 pL of 1 g L"! BHb and either 10 uL of the liquid Nafion
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suspension to form a thin film or a solid piece of Nafion to hold BHb in place on the
electrode surface (Section 3.1.4).

The CVs and DPVs of BHb immobilized on the glassy carbon electrode surface
by using Nafion are shown in Figure 5.1. The CV and DPV results for BHb on glassy
carbon without Nafion were also plotted for comparison purposes. The electrochemical
activity of BHb increased when either Nfsoiida or Nfsuspension Was used to immobilize BHb
on glassy carbon; this was expected, since BHb not bound by a layer of Nafion
(GC/BHb) was visibly dissolving in the electrolyte. From the CVs (Figure 5.1a) and
DPVs (Figure 5.1b), it is clear that the magnitude of the BHb-reduction currents are very
different for BHb bound to the glassy carbon by the use of a Nafion suspension
(GC/BHb/Nfsuspension) and BHb bound by using solid Nafion (GC/BHb/Nfsliq). Indeed,
the BHb-reduction current from GC/BHb/Nfsuspension Was almost an order of magnitude
larger than that of GC/BHb/Nfs.1id, which may be evidence for the 1-propanol solvent
present in the liquid Nafion suspension'! improving the electrochemical activity of BHb.
Other different mechanisms are also possible, such as the Nfsuspension creating a more
intimate contact between the BHb layer and glassy carbon, facilitating the electron
transfer. However, these results, coupled with the knowledge that alcohols may cause Hb

205 or change its conformation,?> which may then impact the

to denature,?** aggregate,
electrochemical activity of BHb, were intriguing enough to warrant further studies as
shown later in this thesis.

The peak potentials for BHb-reduction in the DPVs (Figure 5.1b) for
GC/BHb/Nfsoiia and GC/BHb/Nfsuspension Were clearly different. From Figure 5.1b, the

negative peak potential shift from -0.55 V for GC/BHb/Nfilig to -0.625 V for
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GC/BHb/Nfsuspension could be due to BHb interacting with the 1-propanol solvent from the
liquid Nafion suspension. As a result of the interaction, BHb may be forming a thicker
film®! on the glassy carbon electrode or BHb is denaturing by unfolding its protein
structure.®® These possibilities will be explored further in Chapter 6. A less intimate
contact between BHb and the glassy carbon may be expected when using a solid piece of
Nafion compared to Nafion created from a liquid suspension. The less intimate contact
may result in a more difficult electron transfer, thus a more negative reduction potential
was expected when solid Nafion was used versus the Nafion suspension. However, the
data in Figure 5.1 are opposite to this expectation, suggesting that the Nafion suspension
is likely modifying the BHD, either through denaturation or unfolding. The

electrochemical impact of the alcohol solvent on BHb-reduction will be presented later in

Section 5.4.
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Figure 5.1 Representative CVs (a) and DPVs (b) of glassy carbon (dotted black curve),
GC/BHD (dot-dashed red curve), GC/BHb/Nfso1id (dashed purple curve), and
GC/BHb/Nfsuspension (solid black curve) in 0.1 M PB pH 7.08.
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5.3 Nafion on Glassy Carbon as a Barrier to BHb

A lack of BHb movement through the Nafion layer ensures that the Nafion film
acts as a barrier to BHb. Therefore, Nafion holds BHD in place if BHb is immobilized on
the electrode surface. The purpose of the electrochemical experiments in this section is
to determine whether BHD passes through the Nafion layer. If BHb from the electrolyte
cannot reach the glassy carbon electrode through the Nafion layer, then no
electrochemical reduction is expected from BHb. These experiments distinguish whether
the decreased electrochemical activity of GC/BHb/Nfslia compared to
GC/BHb/Nfsuspension seen previously (Figure 5.1) is due to the loss of BHb immobilized
by using a solid piece of Nafion on the electrode surface.

In this section, a glassy carbon electrode was modified with a layer of Nafion and
then tested in a BHb-containing PB electrolyte. Two types of Nafion were used: a liquid
suspension (Nfsuspension) and a solid film (Nfsolid). Nfsuspension was formed by drop casting a
Nafion suspension directly on the glassy carbon electrode followed by air-drying. Nfsolid
was held in place on the electrode surface using a modified Swagelok setup described
previously in Section 3.1.4. The interaction between the glassy carbon and
solution-based BHb was then examined electrochemically.

Nafion films were hypothesized to block BHb access to the electrode surface and
prevent BHD electrochemistry. This hypothesis was confirmed in the CV (Figure 5.2a
and c¢) and DPV (Figure 5.2b and d) results obtained using either Nfsoiiq (Figure 5.2a and
b) or Nfsuspension (Figure 5.2c and d) where no change in the voltammograms were
observed with or without BHb in the electrolyte. According to the results from Chapter 4

and published literature sources, a Hb-reduction peak was expected between the potential
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ranges of -0.575 to -0.7 V on a carbon electrode, %2629

which was clearly absent in
Figure 5.2a-d.

The voltammograms of Nfsuspension (Figure 5.2¢ and d) on glassy carbon show a
higher background than for Nfsiiq (Figure 5.2a and b), despite using the same glassy
carbon electrode between replicate trials. The increased background may be a result of
exposing the glassy carbon electrode surface to the 1-propanol solvent present in
Nfiuspension, ! resulting in changes to the carbon-oxygen surface groups on the glassy
carbon surface, which will be discussed in greater detail in Section 6.2. These results are
the first evidence that the 1-propanol may also change the carbon electrode during
exposure to the liquid Nafion suspension.

The CVs of Nfiid on glassy carbon (Figure 5.2a) show greater diagonal tilting
than the CVs of Nfsuspension On glassy carbon (Figure 5.2¢), likely due to increased
electrical resistance. The increase in electric resistance in Figure 5.2a could be due to
Nfsolia being a thicker Nafion film than Nfsuspension On the glassy carbon electrode. An
increase in resistance results in a greater drop in the applied potential through the film,
resulting in a lower effective potential on the electrode surface. Thus, the peak BHb-
reduction potential for Nfsoig-immobilized BHb would be expected to appear at a more
negative potential. Contrary to the expectation, a positive peak potential shift was seen in
Figure 5.1b, suggesting that another variable such as the presence of the 1-propanol
solvent in Nfsuspension may be a more influential factor on the peak position.

The increased cathodic background current seen at potentials more negative than
-0.75 V is most likely due to the electrochemical reduction of oxygen.'? Similar results

published by Toh et al. on the electrochemical reduction of oxygen were also observed
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on glassy carbon after purging their PB electrolyte of oxygen using nitrogen.'> The
greater oxygen reduction currents from the Nfsuspension-modified glassy carbon electrode
are possible since oxygen may be trapped between the glassy carbon surface and Nafion

layer during the Nafion film formation.
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Figure 5.2 CVs (a and c¢) and DPVs (b and d) of a glassy carbon modified with either a
layer of solid Nafion (a and b) or an air-dried Nafion suspension thin film (c and d) in
0.1 M PB without BHb (dotted black curves) and with 0.2 g L'! BHb (solid red curves).
The CV and DPV results in this section imply that BHb from the electrolyte
cannot pass through a Nafion layer to be electrochemically reduced on the glassy carbon
electrode. The results suggest that Nafion will hold the immobilized BHb on glassy

carbon for electrochemical studies since Nafion is acting as a barrier to BHb. Since BHb

cannot penetrate the Nafion layer, then no loss of BHb would be expected if BHb was
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immobilized using Nafion on the glassy carbon electrode. Thus, the lower BHb-
reduction current observed when using Nfoli¢ compared to Nfsuspension cannot be due to
loss of BHb through the Nafion layer (Figure 5.1). A negative peak potential shift for
Nfsolic-immobilized BHb was expected due to increased electrical resistance indicated by
the slanted shape in its CV (Figure 5.2a), but a positive shift was observed. The negative
peak shift for Nfsuspension-immobilized BHb suggests that the liquid Nafion suspension
was affecting the electrochemical reduction of BHb where a thicker film incorporating
BHb may be forming®' or BHb may be unfolding,®® possibly from exposure to the
1-propanol solvent present in Nfsuspension. The results of this section emphasize the
potential importance of the 1-propanol solvent in Nfsuspension affecting the electrochemical

reduction of BHb.

5.4 Impact of Methanol, Ethanol, and 1-Propanol on the
Electrochemical Reduction of Bovine Hemoglobin

The 1-propanol solvent present in Nfsuspension but not in Nfsoiia may be related to
the increased BHb-reduction current and negative BHb peak potential shift seen
previously in Section 5.2. As mentioned in previous sections, Nafion can be suspended
as a liquid using a water-miscible primary alcoholic solvent such as methanol
(MeOH),'%?22 ethanol (EtOH),?*!1%? or 1-propanol (1-PrOH).!®! Therefore, this section
explores the possibility that the addition of an alcohol to a PB electrolyte containing BHb
may be increasing the electrochemical activity of BHb.

Changes to the reduction potential may indicate changes in the protein folding of
a heme-containing protein, or exposing the redox-active heme group to a solvent, as
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suggested from the results of theoretical calculations.?’” Therefore, following the BHb-
reduction peak may be useful because a negative peak potential shift could suggest a
formation of a film containing BHb on the electrode surface,! possibly indicating
changes in the protein conformation on the electrode surface or that the protein is
unfolding.®® In Section 5.2, the BHb-reduction peak was more clearly defined in the
DPVs than in the CVs. Therefore, differential pulse voltammetry was employed instead
of cyclic voltammetry to investigate the electrochemical behavior of BHb in aqueous-
alcohol electrolyte.

Small BHb peak potential shifts were seen in the DPVs shown in Figure 5.3a-c.
Initially, a positive BHb peak potential shift was observed when the BHb-containing
electrolyte contained at least 20% MeOH (Figure 5.3a), 30% EtOH (Figure 5.3b), or
10% 1-PrOH (Figure 5.3¢). However, alcoholic content higher than 20% MeOH,

40% EtOH, or 30% 1-PrOH shifted the BHb peak negative. Changing the solvent
polarity may denature a heme-containing protein and possibly expose the redox-active
heme group to the solvent, which may be partly responsible for shifting the reduction
peak potential. >’ Changes to the peak potential of the heme group have also been
suggested to be dependent on the folded state of the protein®®’ as this may also change the
structure surrounding the heme cavity. Possible changes in the interactions between the
heme-bound iron and the protein may change how the heme-bound iron is able to accept
an electron. The use of UV/Vis and fluorescence techniques may provide some evidence
for change in the heme group or exposure of the protein to the solvent, which will be
presented and discussed in Section 6.4. Other mechanisms are also possible, some of

which will be discussed in Chapter 6.
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At any concentration of alcohol tested in this section in the BHb-containing
electrolyte, the electrolyte appeared slightly cloudy, indicating some
agglomeration/precipitation. Alcohol is well-known to denature BHb,?%-210 which is
likely responsible for some loss in BHb solubility. When the electrolyte contained both
alcohol and BHb, some precipitate may have also formed on the electrode surface.
Increasing the alcohol content in the electrolyte may have precipitated more BHb onto
the glassy carbon such that a thicker BHb film may have formed, suggesting changes in
BHb conformation on the glassy carbon. The negative BHb-reduction peak shift
observed in the DPVs of electrolytes with higher alcohol content (> 20% MeOH, > 40%
EtOH, > 30% 1-PrOH, Figure 5.3a-c) may also be evidence for incorporating more BHb
in a particular conformation into a film on the electrode surface.®! Evidence for a BHb
film existing on the glassy carbon electrode surface will be presented and discussed later
in Chapter 6.

Increasing the MeOH concentration increased the BHb-reduction current
(Figure 5.3a). The BHb-reduction current exhibited a small increase with increasing
MeOH content up to 30% MeOH. Large increases in BHb-reduction current were
observed at higher MeOH content in the electrolyte. Several different mechanisms may
be responsible for the increases in BHb-reduction, such as a thicker film formation
containing BHb in a particular conformation, increased protein denaturation, or changes
in the heme environment. The possible mechanisms responsible for increasing the BHb-
reduction will be discussed later in Chapter 6.

Changes in BHb-reduction current were observed in aqueous-alcohol electrolytes

containing BHb with EtOH (Figure 5.3b) or 1-PrOH (Figure 5.3¢). Adding either EtOH
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or 1-PrOH to BHb-containing electrolyte initially resulted in a larger increase in BHb-
reduction than that seen for MeOH (Figure 5.3a-c), which may be partly due to EtOH and
1-PrOH being less polar than MeOH. However, BHb-reduction starts to plateau when
EtOH reaches 50%. For 1-PrOH, the BHb-reduction is maximal at 50% but falls at
higher concentrations. Again, possible mechanisms responsible for the changes in BHb-
reduction at these higher alcohol concentrations will be discussed later in Chapter 6.

As the alcohol content in the BHb-containing electrolyte increased, the cathodic
peak shape changed (Figure 5.3a-c) meaning that the peak current may not give an
accurate representation of the amount of reduced BHb. To obtain a more accurate
measure of the amount of BHD reaction, the amount of BHb-reduction charge was used
instead of the peak current. The BHb reduction charge was calculated by removing the
current contributions from a background DPV of PB without BHb or alcohol, integrating
the area under the BHb-reduction peak, and dividing by the scan rate of 0.020 V s™. The
calculated results summarized in Figure 5.3d reveal that the maximal amount of charge
transferred between the glassy carbon electrode and BHb occurred when 60% MeOH was
present in the BHb-containing electrolyte. A trend is clearly visible where more alcohol
in the electrolyte generally led to more charge transfer between the electrode surface and
BHbD with two exceptions. The exceptions were observed in the DPVs of BHb-containing
electrolyte with 60% EtOH or 60% 1-PrOH, where the amount of BHb-reduction either
did not change significantly or it decreased (Figures 5.3d), suggesting that more than one
mechanism may be at play between BHb, the glassy carbon, and the alcohol (Chapter 6).
The data indicate that exposing BHb to MeOH, EtOH, or 1-PrOH in the electrolyte

generally increase the electrochemical reduction of BHb. The electrochemical data
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suggest that the alcohol in the Nafion suspension may enhance the electrochemical

reduction of BHb.
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Figure 5.3 Representative DPVs of 0.2 g L"! BHb in 0.1 M PB with MeOH (a), EtOH
(b), or 1-PrOH (c¢) at a concentration of 0% (dotted red curve), 10% (dot-dashed red
curve), 20% (dashed green curve), 30% (blue solid curve), 40% (purple dot-dashed
curve), 50% (dashed black curve), or 60% (solid black curve). Insets (a-c) show the BHb
peak potential for each corresponding alcohol. (d) Background-subtracted charge for
MeOH (red circles), EtOH (green squares), or 1-PrOH (blue triangles). The error bars
indicate one standard deviation from three replicate trials.

To investigate whether the alcohol itself contributes to the electrochemical
reduction current seen in Figure 5.3, DPVs of aqueous-alcohol electrolyte without BHb
were examined. An increase in cathodic current starting at potentials more negative than
ca. -0.75 V was observed (Figure 5.4a-c), which was more negative than the peak
potential of BHb seen previously. Data from Figure 5.4d suggests that the increased

cathodic current may be due to the reduction of oxygen since the current decreased under
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nitrogen atmosphere and increased under oxygen atmosphere. Published DPV data by
Toh et al. showed that the oxygen reduction occurred at potentials more negative than the
reduction of Hb despite having their PB electrolyte purged of oxygen using nitrogen. '?
While their electrochemical data were collected in mildly acidic electrolyte,'? and a
neutral pH electrolyte was used in this thesis research, the difference in electrolyte pH
was not expected to significantly alter the reduction potential of oxygen?!! or Hb*® when
using a bare glassy carbon electrode. As the amount of MeOH or EtOH increased from

0 to 60%, a larger cathodic current was observed, implying the reduction of more oxygen.
Oxygen reduction is reasonable, considering that a mixture of water and a water-miscible
primary alcohol are known to have a higher oxygen solubility with increasing alcohol
content.?!221* Whether the reduction of more dissolved oxygen overlaps with the
reduction of BHb will be considered later in this section.

Similar to MeOH and EtOH, 1-PrOH exhibited an increase in reduction, but
unlike MeOH and EtOH, 1-PrOH exhibited a maximum at 30% followed by a current
decrease at higher concentrations (Figure 5.4c). The specific reason for the maxima and
current decrease may be due to the adsorption of impurities present in 1-PrOH. Another
similar alcohol, 2-propanol, is known to affect the electrochemistry of a polished glassy
carbon electrode after exposure, likely due to the adsorption of oxygen-containing
impurities from 2-propanol.?!'> When greater than 30% 1-PrOH was present in the
electrolyte, more carbon-oxygen impurities from 1-PrOH may also be adsorbing onto the
glassy carbon electrode such that the electrochemical reduction of oxygen may be
increasingly unfavorable. XPS evidence for increasing carbon-oxygen surface groups on

glassy carbon upon 1-PrOH exposure is presented and discussed in Section 6.2.
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Figure 5.4 DPVs of a glassy carbon electrode in 0.1 M PB with 0% (dotted red curve),
10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid curve), 40%
(purple dot-dashed curve), 50% (dashed black curve), or 60% (solid black curve) of
MeOH (a), EtOH (b), or 1-PrOH (c). DPVs of a glassy carbon electrode in 0.1 M PB left
standing in air (dotted red curve), after one hour in nitrogen (dashed blue curve), or after
one hour in oxygen (solid black curve) (d).

A change to the carbon surface or the carbon-oxygen surface groups may also
contribute to the change in BHb-reduction as the carbon electrode is exposed to an
alcohol. One literature report used XPS to show that a carbon-composite material
washed with MeOH had less oxygen on its surface than the as-received carbon-composite
material.?!® The reported results suggest that exposing carbon to MeOH may change the
amount of carbon-oxygen surface functional groups. The removal of specific oxygen-
containing carbon surface functional groups (i.e. carbonyls and ethers) is important in

206

improving the electron transfer between Hb and the electrode,”™ as shown in Chapter 4.
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XPS evidence for changing the carbon-oxygen surface groups on glassy carbon upon
exposure to aqueous-MeOH are presented in Section 6.2. Thus, water-miscible primary
alcohols may be changing the glassy carbon itself, adding another possible mechanism of
reactivity and further complicating the use of an alcohol as a Nafion solvent.

To examine if exposing glassy carbon to MeOH changes the carbon-oxygen
surface groups and BHb-reduction, the polished glassy carbon electrode was incubated in
MeOH, rinsed, and then examined in a MeOH-free electrolyte. After MeOH incubation
pretreatment, CVs and DPVs of the carbon electrode in BHb-free electrolyte showed an
increase in reduction current between -0.8 and -0.9 V (Figure 5.5a and b). This increase
cannot solely be due to an increase in dissolved oxygen, as per the data in Figure 5.4,
since the electrolyte here did not contain any alcohol nor additional oxygen gas. The
change must therefore come from a MeOH-induced modification of the carbon itself
since MeOH is known to lower the surface oxygen content on carbon composite
surfaces®!® and an increase in the electrochemical reduction was observed on the MeOH-
modified glassy carbon, likely involving changes in the carbon-oxygen surface groups.

When the MeOH-modified glassy carbon electrode was tested in a BHb-
containing electrolyte, there was an increase in BHb-reduction current versus the BHb-
reduction on an unmodified glassy carbon (Figure 5.5a and b). These results suggest that
the MeOH-modified glassy carbon is responsible for the increased electrochemical
activity of BHb. Indeed, the measured BHb reduction current for the MeOH-modified
electrode was larger than the current calculated when combining currents from the glassy
carbon with the increases due to MeOH-functionalization and BHb-reaction (insets in

Figure 5.6a and b), suggesting that the difference in the electrochemical reduction of BHb
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may originate from the change in carbon-oxygen surface groups. XPS evidence for

changes in the carbon surface oxide groups will be presented in Section 6.2.
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Figure 5.5 CVs (a) and DPVs (b) of a glassy carbon electrode pretreated with MeOH in
0.1 M PB (black thick-dotted curve) + 0.2 g L"! BHb (black solid curve) and glassy
carbon with no MeOH pretreatment in 0.1 M PB (red thin-dotted curve) + 0.2 g L' BHb
(red solid curve). Insets show the linear combination of MeOH-pretreated glassy carbon
+ glassy carbon in 0.2 g L' BHb with the glassy carbon background removed (black
dashed curve) and is compared to the MeOH-pretreated glassy carbon electrode in

0.2 g L' BHb (black solid curve).

Using DPVs of glassy carbon in aqueous-alcohol electrolyte (Figure 5.4) as a
background, one can eliminate the effects of oxygen from the BHD studies (Figure 5.3).
The calculated results (Figure 5.6a-c) show overcompensation for the electrochemical
reduction of oxygen, indicated by positive current, when 50% EtOH, 60% EtOH, or
> 20% 1-PrOH was present in the electrolyte, suggesting that there may be less dissolved
oxygen in the electrolyte when BHD is present in highly alcoholic electrolytes; i.e. the
expected increase in oxygen solubility by adding more alcohol?'?>2'* may no longer be
true. It is unclear exactly why there may be less dissolved oxygen in the electrolyte, but

it is possible that some dissolved oxygen is consumed directly as BHb denatures, or

indirectly as BHb reacts with EtOH or 1-PrOH. The other possibility may be that BHb,
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like an alcohol, is also changing the carbon-oxygen surface groups on the glassy carbon
itself.

After excluding the oxygen effects in the DPVs by background subtraction, the
resulting BHb-reduction shown in Figure 5.6a-d appear to have similar trends in peak
potential and BHb-reduction with increasing alcohol content to those seen previously in
Figure 5.3a-d. Therefore, the reduction current possibly due to increased dissolved
oxygen in the electrolyte does not appear to influence the reduction of BHb (Figures 5.3d
and 5.6d). However, the alcohols are likely changing the carbon-oxygen surface groups,
which may also be changing the electrochemical reduction of BHb. Evidence for
changes in the carbon-oxygen surface groups on glassy carbon after being exposed to

aqueous-alcohol electrolyte will be presented and discussed later in Section 6.2.
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Figure 5.6 DPVs of Figure 5.3 after using Figure 5.4 for background subtraction to
account for oxygen reduction. The electrolyte contained 0.2 g L' BHb in 0.1 M PB with
one of: MeOH (a), EtOH (b), or 1-PrOH (c) at a concentration of 0% (dotted red curve),
10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid curve), 40%
(purple dot-dashed curve), 50% (dashed black curve), or 60% (solid black curve). Insets
(a-c) show the BHb peak potential. The background-subtracted charge for MeOH (red
circles), EtOH (green squares), and 1-PrOH (blue triangles) are shown with error bars
indicating one standard deviation from three replicates (d).

In this section, an increase in alcohol content in BHb-containing electrolyte was
observed to increase the electrochemical reduction of BHb with the exception of 50 to
60% EtOH resulting in no significant change in BHb-reduction and 50 to 60% 1-PrOH
resulting in a decrease in BHb-reduction. Adding 60% MeOH in the electrolyte resulted
in the largest increase in BHb-reduction. Lower amounts of 1-PrOH added to the BHb-

containing electrolyte increased BHb-reduction more than adding similarly lower

amounts of EtOH or MeOH. The addition of a water-miscible primary alcohol to the
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electrolyte may have increased the reduction of dissolved oxygen and/or carbon-oxygen
surface groups, but this reduction does not appear to overlap with the reduction of BHb.
The possible change in carbon-oxygen groups upon exposing the glassy carbon to a
water-miscible primary alcohol may also affect the reduction of BHb. Overall, the data
presented in this section showed that the addition of a water-miscible primary alcohol to
the BHb-containing electrolyte appears to increase the electrochemical reduction of BHb,
suggesting that the alcohol present in a Nafion suspension also affects BHb-reduction.
The data also suggest that if a binder containing an alcoholic solvent must be used, use of
a low MeOH content is preferable due to the least impact on BHb-reduction, while EtOH

or 1-PrOH should be avoided.

5.5 Nafion-immobilized BHb and Alcohol-exposed BHb have Additive
Enhancements to the Electrochemical Reduction of BHb

Another way to provide further evidence that the alcohol solvent in the Nafion
boosts the electrochemical reduction of BHb is to consider the individual contributions of
each component to the electrochemical reduction of BHb. Previously it was shown
(Figure 5.1b) that the GC/BHb/Nfsuspension conditions produced a larger BHb-reduction
current than GC/BHb/Nfsoid. This large BHb-reduction current may have arisen from:

(1) the reduction of BHb immobilized on carbon, (2) an enhancement in BHb-reduction
due to 1-PrOH modifying the BHb, (3) a BHb-enhancement from 1-PrOH modifying the
carbon, and/or (4) extra reactivity of carbon-oxygen surface groups and/or dissolved
oxygen due to 1-PrOH modifying the carbon. The relative contributions of each factor
are estimated using the experiments described in Sections 5.2 and 5.4 and combined; this
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combination is then compared to the measured result from GC/BHb/Nfsuspension. If the
1-PrOH solvent is modifying the BHb and carbon surface, as expected, the calculated
DPV considering these four contributions should appear similar to the DPV for
GC/BHb/Nfsuspension.

The reduction of the immobilized BHb (contribution 1) is represented by the use

of DPV of GC/BHb/Nfyia (Figure 5.1b, Section 5.2), denoted as /, GC/BHb()/Nfis) I

Relation 5.1. The reduction current contribution from 1-PrOH affecting the BHb-
reduction (contributions 2 and 3) and oxygen/carbon-oxygen surface group reduction
(contribution 4) is accounted for using the DPV data of the glassy carbon electrode in an

electrolyte containing 1-PrOH, BHb, and PB (Figure 5.3c, Section 5.4), represented by
16c in BHD & 10% 1-PrOH(ag- 1t should be noted however, that these 1-PrOH data include a

component of BHb in solution, which does not apply when considering
GC/BHb/Nfsuspension. Thus, this contribution must be removed by subtracting the current

contributions of glassy carbon in BHb-containing electrolyte (Figure 5.3, Section 5.4),
represented as /Gc in BHb@ag- The different current contributions from the DPV's used for

the calculation are shown collectively in Figure 5.7a for ease of comparison. Relation 5.1

outlines the calculations using the currents (/) from the various DPVs

IGcmrpsnis T 16 in BHb & 10% 1-ProH@g) — 16C in BHb@ag) = 16 C/BHbG)Nfsuspension — (5.1).
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Figure 5.7 For comparison purposes, the individual DPVs of: glassy carbonin 0.2 g L™!
BHbD (thick red dashed curve, from Figure 5.3, Section 5.4), GC/BHb/Nfliq (thin green
solid curve, from Figure 5.1b, Section 5.2), glassy carbon in 0.2 g L"! BHb with 10%
1-PrOH (thin orange dashed curve, from Figure 5.5, Section 5.4), and GC/BHb/N fsuspension
(thick blue solid curve, from Figure 5.1b, Section 5.2) were recreated (a). The calculated
results using Relation 5.1 are shown as the thin orange curve (left side of Relation 5.1)
and solid thick blue curve (right side of Relation 5.1).

The results of using Relation 5.1 show that the left-hand-side of Relation 5.1 is
similar to the right-hand-side of Relation 5.1 with some extra current arising near the
BHb peak maximum when a Nafion suspension was used (Figure 5.7b). A smaller
current contribution and a positive BHb-peak potential shift were observed on the
calculated DPV composed of other DPVs by using the left-hand-side of Relation 5.1.
These differences likely stemmed from the less intimate contact between the immobilized
BHb and the glassy carbon for the GC/BHb/Nfsoii¢ in contrast to GC/BHb/Nfsuspension. The
calculated result of Relation 5.1 cannot distinguish the solvent effects of 1-PrOH on
glassy carbon and on BHb, but it suggests that the 1-PrOH solvent present in Nfsuspension

increases the electrochemical reduction of BHb, separate from the enhancement due to

Nafion-immobilized BHb.
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5.6 Conclusions

The results, data, and interpretations presented in this chapter show that the
presence of an alcohol solvent in a Nafion suspension impacts BHb electrochemistry
when this Nafion is used to immobilize BHb into a film. For the first time, the 1-PrOH
solvent present in a liquid Nafion suspension during the preparation of immobilizing BHb
on glassy carbon was shown to have an additional enhancement to the electrochemical
reduction of BHb when compared to Nafion-immobilized BHb without any 1-PrOH. The
electrochemical research was extended to include water-miscible primary alcohols of
different concentrations in a PB electrolyte containing BHb where the addition of any one
of MeOH, EtOH, or 1-PrOH was observed to increase the BHb-reduction current. The
addition of 1-PrOH had a larger effect on the electrochemical reduction of BHb than
MeOH or EtOH. A water-miscible primary alcohol should be avoided as a binder solvent
when immobilizing Hb films. If an alcoholic solvent must be used, then low MeOH
concentrations is strongly preferred over either EtOH or 1-PrOH. These electrochemical
results suggest that caution should be used when preparing Nafion films from a liquid
Nafion suspension containing a water-miscible primary alcoholic solvent.

The non-linear relationship between BHb-reduction and the alcohol concentration
suggests that multiple mechanisms are likely involved in the enhancement of BHb-
reduction. Some of the mechanisms contributing to the increased BHb-reduction may be
due to denaturation of BHD as the alcohol content increased, formation of a thicker film
incorporating BHb suggested by a negative BHb-reduction peak potential shift, or a
change in carbon-oxygen surface groups. The increased BHb-response from the

MeOH-modified glassy carbon and decreased background reduction current for high
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concentrations of 1-PrOH in the electrolyte suggests that carbon-oxygen surface groups

may be changing, which may be partly responsible for the increased BHb-reduction.
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Chapter 6 Mechanisms for the Improved
Electrochemical Response of Bovine Hemoglobin
in Aqueous-alcohol Electrolyte

A manuscript is in preparation for submission based on the work presented in this
chapter. JT is responsible for the majority of the data collection, all the analysis, and
manuscript preparation. CV data presented in Section 6.3.1 and AFM data presented in
Section 6.3.2 are unlikely to be present in the manuscript but are presented in this
chapter.

Andrew George (Technician, Department of Physics, Dalhousie University) operated the

XPS instrument, and Dr. Robbie Sanderson (Lab Manager, Department of Physics and
Atmospheric Sciences, Dalhousie University) operated the spectroscopic ellipsometer.

6.1 Introduction

In Chapter 5, a significant increase in BHb electrochemical signal was observed
when the BHb and/or glassy carbon electrode was exposed to an aqueous-alcohol
electrolyte. This chapter examines some of the origins of the increased BHb
electrochemical signal. Exposing glassy carbon to aqueous-alcohol may have changed
the carbon-oxygen surface groups on glassy carbon to favor the electrochemical activity
of BHb, as suggested in Chapter 5; XPS was used to test this theory (Section 6.2). Film
formation and denaturation of BHb on glassy carbon were also considered as possibilities
for enhancing the electrochemical detection of BHb. The presence of a BHb film was
investigated electrochemically (Section 6.3.1). Exposing BHb to aqueous-alcohol may
have produced thicker protein films as the alcohol content increased; hence, the thickness
of the deposited films was examined further by the use of atomic force microscopy
(Section 6.3.2) and spectroscopic ellipsometry (Section 6.3.3). Finally, a closer

examination of how BHb may have denatured in the aqueous-alcohol electrolyte is then
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presented using UV/Vis absorption and fluorescence spectroscopy (Section 6.4). These
mechanistic considerations provide greater fundamental understanding of how BHb

electroactivity may have increased after alcohol exposure.

6.2 Changes in Carbon-Oxygen Surface Groups after Alcoholic
Exposure as a Possible Source of Increased BHb Electroactivity

Previously in Chapter 4, the removal of surface ethers and carbonyls on carbon
electrodes were shown to increase the electrochemical activity of BHb. Exposing a
carbon material to methanol is known to decrease the amount of surface oxygen,*!® which
is likely to also change the amount of carbon-oxygen surface groups. Therefore, carbon-
oxygen groups on glassy carbon were examined by the use of XPS after incubation in
aqueous-alcohol electrolyte to examine whether alcohol exposure is removing the
inhibiting ether or carbonyl surface groups, resulting in the improved electrochemical
reduction of BHb seen upon exposure to one of MeOH, EtOH, or 1-PrOH (Chapter 5).

The Cis XPS spectra for glassy carbon incubated in various concentrations of
MeOH, EtOH, and 1-PrOH with PB are shown in Figure 6.1, with the fitting results for
the C-O (i.e. phenols and ethers) and C=0O (i.e. carbonyls and quinones) surface groups
given in Table 6.1. Focusing on the C-O and C=0 surface groups known to inhibit BHb
electroactivity, the data in Table 6.1 show how difficult it is to draw a relationship
between carbon-oxygen surface groups and BHb-electroactivity because C-O increases
while the C=0 decreases for certain alcohol concentrations (0 — 30% MeOH and 0 — 40%
EtOH, Figure 6.2, recreated from Figure 5.3d for the reader's convenience). Thus, the
expected BHb activity improvements from removing C=0 surface groups would be offset
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by the increased C-O surface groups. However, it is interesting to note that while the
BHb response increases very little through the 0 — 30% MeOH concentration range, the
0 —40% EtOH range evidences a large increase in BHD electroactivity, suggesting that
another mechanism must dominate in these EtOH concentrations. Similarly, there are
alcohol ranges (e.g. 0 —30% 1-PrOH) where the increase in C-O and C=0 would be
expected to lead to a decrease in BHD electroactivity, yet an increase is seen. Again, this
indicates that another mechanism dominates, possibly film formation or BHb
denaturation (discussed in Sections 6.3 and 6.4 respectively). Nevertheless, there are
ranges of these data which evidence the expected correlation between surface groups and
BHD electroactivity. For instance, above 50% EtOH or 1-PrOH, a significant increase in
C=0 (EtOH) or C-O (1-PrOH) surface groups are seen and the BHb activity plateaus
(EtOH) or decreases (1-PrOH), consistent with these surface groups inhibiting BHb
electroactivity. Additionally, increasing MeOH above 30% resulted in significant
decreases in C-O and C=0 surface groups (Table 6.1) that likely contributed to the large
increase in BHb-reduction seen for these MeOH concentrations, consistent with an
increased BHb response due to the carbon surface modification (Chapter 4). Indeed, as
will be shown later in Section 6.5, the 60% MeOH-containing electrolyte resulted in the
highest BHb activity of the three aliphatic alcohols tested (Figure 6.2), due to the carbon
surface modification working in conjunction with film formation and protein

denaturation.
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Figure 6.1 Fitted Cis XPS spectra of polished glassy carbon exposed to no alcohol (a),
30% MeOH (b), 40% MeOH (c), 60% MeOH (d), 40% EtOH (e), 50% EtOH (f), 60%
EtOH (g), 30% 1-PrOH (h), 50% 1-PrOH (i), or 60% 1-PrOH (j) aqueous-alcohol
electrolyte. The experimental data are represented by the dotted black curves and the
sum of the fitted curves are represented by the solid black curve.
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Table 6.1 A summary of fitted peaks representing different surface groups from Cis XPS
data for each alcohol treatment used on glassy carbon. Each entry listed in the table
contains the relative surface composition based on integration under the fitted peak, the
full width at half maximum, and the center position of the fitted peak. The associated
fitting errors for the carbon surface oxides were estimated using one standard deviation
assuming a normal distribution from Monte Carlo simulations.

Polished
Glassy _ _ n-m*
Carbon C=C C-0 C=0 COOR shakeup Plasmon
Exposed to
73.5+0.6% | 13.2+0.5% | 6.2+03% | 3.7£0.3% | 3.4+0.4%
no alcohol 1.26 eV 1.50 eV 1.50 eV 2.30eV 347eV | Negligible
284.3 eV 285.5eV 286.8 eV 288.8 eV 290.4 eV
71.6+08% | 17.1+£0.6% | 53+03% | 3.1+£0.3% | 2.9+0.9%
()
30 /_T_ II)/IEOH 1.23 eV 1.50 eV 1.50 eV 2.00 eV 3.83 eV Negligible
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.4 eV
70.5+1% | 15.6+0.3% | 5.0+0.3% | 3.1+0.5% | 3.7+0.7% | 2.1+0.8%
()
40 /ili)/IEOH 1.18 eV 1.50 eV 1.50 eV 2.25eV 3.00 eV 3.48 eV
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.4 eV 292.6 eV
75.8+0.6% | 153+03% | 4.0+02% | 1.8+0.6% | 3.1+0.7%
()
60% jrl;fEOH 1.16 eV 1.50 eV 1.50eV | 240eV | 3.37eV | Negligible
284.3 eV 285.5eV 287.0 eV 288.8 eV 290.3 eV
73.1+£2% | 15.5+0.8% | 5.0+0.6% | 4.0+0.8% | 2.4+0.9%
()
40 /_ﬁ IIE];OH 1.18 eV 1.50 eV 1.50 eV 2.10eV 2.00 eV Negligible
284.3 eV 285.5eV 286.8 eV 288.9 eV 290.4 eV
73.6+2% | 15.7+£08% | 4.6+0.6% | 3.4+0.7% | 2.7+2%
()
S0 /_ﬁ IIE];OH 1.20 eV 1.50 eV 1.50 eV 2.20eV 3.00 eV Negligible
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.4 eV
71.0+£08% | 16.0+:0.5% | 74+03% | 52+0.4% | 0.4+0.8%
o
60 f‘r’ Ilf];OH 1.36 ¢V 1506V | 1506V | 221V | 500eV | Negligible
284.3 eV 285.5eV 286.8 eV 288.8 eV 290.3 eV
66.9+0.7% | 16.1£04% | 7.0+£0.3% | 5.2+0.6% | 4.8+1%
0 -
30 A’+1P1;rOH 134 eV 1506V | 1506V | 2406V | 487eV | Negligible
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.3 eV
69.1+0.7% | 159+03% | 6.5+04% | 41+£0.5% | 44+1%
0 -
50 A’+1P1;rOH 1.25 eV 1506V | 1506V | 2306V | 400eV | Negligible
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.4 eV
65.1+0.8% | 169+0.6% | 7.0£03% | 6.1£1% 35€£1% | 1.4+ 0.6%
0 -
60 A)+1Pll’3rOH 1.34 eV 1.50 eV 1.50 eV 2.40 eV 5.00 eV 2.07 eV
284.3 eV 285.5eV 286.9 eV 288.8 eV 290.3 eV 292.6 eV
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Figure 6.2 Recreated from Figure 5.3d showing background-subtracted BHb charge for
various concentrations of MeOH (red circles), EtOH (green squares), or 1-PrOH (blue
triangles) in 0.2 g L"! BHb with PB. The error bars indicate one standard deviation from
three replicate trials.

6.3 BHD Film Formation on Carbon as a Possible Mechanism for the
Improved BHb Electroactivity

The electrochemical data presented in Sections 5.2 and 5.4 suggested that a BHb
film might have formed on the glassy carbon electrode upon exposure to BHb in
aqueous-alcohol electrolyte. For instance, there was a distinct shift in the BHb reduction
peak potential towards more negative values, consistent with the potential shift of Hb
films seen in the literature.’! A film of BHb or a change in BHb film thickness may
indicate protein denaturation, facilitating the electron transfer process and may be partly
responsible for the observed higher currents. The presence of a BHb film was tested
electrochemically after incubating glassy carbon in aqueous-alcohol with BHb (Section
6.3.1). The thickness of the BHb films on glassy carbon were measured by using atomic

force microscopy (Section 6.3.2) and spectroscopic ellipsometry (Section 6.3.3).
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6.3.1 BHb Film Formation on Glassy Carbon

The purpose of the electrochemical experiments in this section is to test whether
an electrochemically active BHb film forms on an incubated glassy carbon electrode. In
this section, the incubated glassy carbon electrode was created by submerging the glassy
carbon electrode in an aqueous-alcohol electrolyte containing BHb, similar to the
conditions previously used in Chapter 5, and then washed with water to remove any
excess alcohol or BHb. The modified glassy carbon with a possible BHb film was then
transferred into an electrochemical cell filled with an alcohol- and BHb-free PB
electrolyte for electrochemical testing.

The glassy carbon incubated in BHb without alcohol had a small electrochemical
response (Figure 6.3a and b), suggesting that BHb adsorbed as a film, even in the absence
of alcohol. Positively shifted reduction peaks were observed on glassy carbon incubated
in BHb with 1-PrOH when compared to similar incubations with EtOH or MeOH
(Figure 6.3c-h), suggesting a more facile electron transfer, which may originate from
more favorable BHb adsorption orientations on the carbon surface, for example if BHb
adsorbed with its heme groups closer to the electrode surface. Larger BHb-reduction
peaks were observed after incubating glassy carbon in electrolytes containing BHb and
the less polar 1-PrOH than either EtOH or MeOH, suggesting that BHb with a particular
conformation or more BHb may have adsorbed on glassy carbon, resulting in a thicker

BHb film or a larger surface coverage.
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Figure 6.3 Representative CVs (a, c, e, g) and DPVs (b, d, {, h) of glassy carbon in 0.1 M
PB (pH 7.08) (dotted curves) after incubation in 0.2 g L'! BHb in PB with: no alcohol

(a, b), MeOH (c, d), EtOH (e, f), or 1-PrOH (g, h). 30% and 60% alcoholic electrolyte
content used during incubation are represented by dashed and solid curves respectively



6.3.2 Film Thickness Estimates from the use of Atomic Force Microscopy

A thickness measurement of BHb films adhered to a polished glassy carbon plate
was made by the use of atomic force microscopy (AFM). The procedure for adsorbing
BHD onto glassy carbon was described previously in Section 3.4.1. A BHb-adsorbed
region was created by submerging part of a glassy carbon plate into the incubating
solution containing BHb, while the remaining glassy carbon sample surface remained
clean. The measurement of the BHb film thickness was attempted by determining a
height difference between regions on glassy carbon without and with adsorbed BHb. The
surface of a clean, polished glassy carbon plate is shown in Figure 6.4a and with
adsorbed BHb in one region of the glassy carbon shown in Figure 6.4b. The interface
between the bare and BHb-adsorbed carbon surface was difficult to image, but in this
image, the bare glassy carbon was expected to be at the bottom of Figure 6.4b. The BHb-
adsorbed surface appeared more rough than the clean, polished glassy carbon surface,
possibly due to localized accumulation of BHb. A height difference of ca. 5.5 nm, the
diameter of BHb, was expected in Figure 6.4b as the AFM tip moved across a possible
boundary between the BHb-adsorbed region and the clean glassy carbon surface.
However, the boundary was not observed by using AFM likely because the height
differences gradually changed, making a direct height difference measurement impossible
to determine the adsorbed BHb thickness. Therefore, no BHb film thickness was
obtained.

In an attempt to controllably remove some of the adsorbed BHb and form a bare
space to enable a height difference measurement, the surface of the adsorbed BHb on

glassy carbon was scratched using the AFM tip. The AFM tip was replaced between
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scratching and measurement to prevent possible changes to the tip caused by using the
scratching procedure, which may affect the measurements. After scratching the sample
surface in the shape of a square, a decrease in height was expected, but a clear ca. 1.5 nm
height increase was observed (Figure 6.4c). As a comparison, a clean piece of glassy
carbon was also scratched using the AFM tip, resulting in no height difference (not
shown). The results suggest that the adsorbed BHb on glassy carbon may have been
partially lifted off from the glassy carbon surface due to dragging of the AFM tip,
possibly creating a gap between the glassy carbon and BHb when scratched. Since a
thickness measurement was inconclusive by the use of AFM for BHb adsorbed onto
glassy carbon, this technique was not attempted for glassy carbon samples incubated in

aqueous-alcohol with BHb.

141



2.47 nm

05

0 1 2 3 0.0 0.5 1.0 15 20
[um]

3.25 nm

[um]

0nm

[Hm]
Figure 6.4 Atomic force micrographs recorded using intermittent contact mode by raster

scanning the samples of a polished glassy carbon surface (a), with adsorbed BHb (b), and
after scratching the surface of the BHb film (c).

6.3.3 Film Thickness Estimates from the use of Spectroscopic Ellipsometry

To determine whether a BHD film forms a thicker film in the presence of alcohol,
spectroscopic ellipsometry was employed to estimate the film thickness. However, in

spectroscopic ellipsometry, a model is required to obtain physically relevant parameters

such as the film thickness.
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6.3.3.1 Spectroscopic Ellipsometry Model Considerations

As discussed previously in Section 2.5.1, the use of measured spectroscopic
ellipsometry data to estimate a film thickness requires a model that properly and
physically describes the system in order to extract meaningful parameters. The essential
information required are: the type of material being measured, whether the materials are
transparent, how many layers of different materials are expected, and what models are
currently known to describe those materials.

In this study, a two-layer model was used, illustrated in Figure 6.5, since the
samples measured were thin films of BHb (top layer) on polished glassy carbon (bottom
layer). A different model for each layer was used, since each layer interacts with the

incoming light differently.

BHDb Layer P Cauchy Model
B-spline Model

Figure 6.5 A diagram illustrating a two-layer model used for spectroscopic ellipsometry
to determine the thickness of the BHb layer.

Glassy Carbon

In some literature studies, spectroscopic ellipsometry has been used to measure
protein film thicknesses on amorphous carbon materials using a Tauc-Lorentz model for
the carbon.?!”*!* However, the Tauc-Lorentz model is typically used for modelling
amorphous semiconductors and insulators,?!” which is not appropriate in this research
because glassy carbon is neither a semiconductor nor an insulator. More recent studies
have suggested the use of a B-spline model for amorphous carbon, which makes no
220

assumptions regarding the interactions between the material being modeled and light.

A B-spline model has also been used successfully to describe amorphous carbon from
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spectroscopic ellipsometry data.??® Thus, the glassy carbon substrate was represented by
a B-spline model in this work.

The Cauchy model is one of the more commonly used spectroscopic ellipsometry
models for determining thicknesses of adsorbed proteins.!*>!3¢ This model is
mathematically simple and assumes that the material being modeled is optically
transparent.'> Although there are limited reports of modeling Hb using spectroscopic

221-223

ellipsometry, some published works modeled the Hb film assuming the film is

transparent, but it was unclear if a Cauchy model was used.?*!*® Others have assumed a
particular index of refraction when calculating the adsorbed Hb film thickness.?**?*
Since the assumption of a transparent protein film appears to be widespread, the Cauchy
model was used to describe the BHD layer in this thesis.

To test whether a thin layer of BHb was transparent, BHb was adsorbed onto glass
slides in PB with and without alcohol by using the same incubation procedure for
adsorbing BHb onto glassy carbon for electrochemical testing (Sections 3.1.6, 3.4.2.1,
and 3.4.2.2). The absorbance of the BHb-adsorbed glass slides were measured by the use
of UV/Vis spectroscopy. The well-known, strongly-absorbing Soret peak from BHb is

73,74 which was confirmed at

expected near 412 nm for a thick dry Hb film cast on glass,
413 nm (Figure 6.6a). Figure 6.6b-d shows the absence of the Soret peak on the glass
slides coated by using the incubation procedure, suggesting either no BHb was present on
the glass slides or the adsorbed BHb was transparent. Rubbing a Kimwipe on the glass

slides exposed to BHb with 30 or 60% alcohol resulted in smudging, implying that there

was a thin film of BHb on the glass since rubbing a Kimwipe on glass without BHb and
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alcohol exposure did not result in smudging. These observations and results suggest that
the thin BHb films on glass are transparent.

Fluorescence measurements were also attempted to further test for BHb
transparency since fluorescence was expected to be more sensitive than absorbance
measurements.'** The fluorescing Tyr and Trp amino acid residues in proteins were
expected to peak between 300 and 400 nm.*>??>226 An example of a thick fluorescing dry
film of BHb cast on glass is shown in Figure 6.6e. Although the absence of fluorescence
peaks (Figure 6.6f-h) for the incubated BHb-adsorbed glass slides may be due to a lack of
sufficient material for fluorescence, quenching of fluorescence, or the film is transparent,
but when combined with the UV/Vis absorption results, these suggest that the thin BHb

layer is transparent and the Cauchy model is valid.

145



(a)0.17 (b)0.07 ~ N
0.15 4
3 o 0-05 1
£ =
5] = 0.04 -
£0.13 - 2
2 2003
<«
“ou1 | 0.02 4
0.01 4
0.09 T T T \ T 0 : : : : :
270 370 470 570 670 770 270 370 470 570 670 770
Wavelength / nm Wavelength / nm
() 0.03 (d)0.02 1
$0.02 g
g 30% EtOH + BHb H
-g -g 0.01 4 60% 1-PrOH + BHb
ﬁ 001 30% 1-PrOH + BHb ﬁ 60% MeOH + BHb
30% MecOH + BHb 60% EtOH + BHb
0 - T T T T T 0 - T T T T T
270 370 470 570 670 770 270 370 470 570 670 770
Wavelength / nm Wavelength / nm
(e) 80 - ® 14
0.8
.60 - R
= 2
z £0.6 1
£40 | £
5 504 4
g 5
20 A
0.2 4
0 T T T T T T 0 T T T T T T
290 310 330 350 370 390 410 290 310 330 350 370 390 410
Wavelength / nm Wavelength / nm
® 15 () 1 -
0.8 1 0.8
3 3
206 206
s &
£04 - £04 1
= =
L= (=
410

330
Wavelength / nm

Figure 6.6 Background subtracted UV/Vis (a-d) and fluorescence (e-h) spectra of a thick
BHD film cast onto a glass slide (a,e) or BHb-adsorbed glass slides after incubation in
0.2 g L"! BHb dissolved in 0.1 M PB (b,f) with 30% (c,g) or 60% (d,h) MeOH (red),
EtOH (green), or 1-PrOH (blue).
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6.3.3.2 Protein Film Thickness from the use of Spectroscopic Ellipsometry

With a proper model for the adsorbed BHb layer on glassy carbon samples, the
thickness of the BHb layer on glassy carbon can be estimated. As shown in Section
2.5.1, the film thickness is related to the optical constants; however, the optical constants
for glassy carbon were not available in the CompleteEase software database. Regardless,
spectroscopic ellipsometry measurements of clean glassy carbon without BHb were fitted
with the B-spline model described in Section 6.3.3.1 to obtain the optical constants for
bare glassy carbon. Fitting the optical constants with Kramers-Kronig compliance, which
are mathematical relations to connect the real and imaginary components of a complex
function, is essential to ensure the quantities obtained are physically reasonable; for
example, the optical constant k£ cannot be negative because k represents the attenuation of
light.!3® Kramers-Kronig compliance also helps to reduce fitting errors due to the
additional mathematical constraints. Once the bare glassy carbon data were fitted and the
optical constants (n and k) were calculated, the same optical constants were used for all
future modeling since glassy carbon was used as the substrate throughout all
spectroscopic ellipsometry measurements of adsorbed BHb films.

The results of fitting the optical constants, n and &, for a clean polished glassy
carbon are shown in Figure 6.7. The fitted n and k values are slightly different in
magnitude but similar in the overall shape when compared to the n and & values
published by Williams and Arakawa.??’ The differences in magnitude may be due to
differences in the source of glassy carbon considering that the literature results published
by Williams and Arakawa examined glassy carbon made by the Plessey Company??’ and

the glassy carbon used in this research originated from SPI Supplies. Glassy carbon is
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typically made from a controlled pyrolysis involving a polymeric material®*® and the
variation in the polymer used for pyrolysis to create glassy carbon could be responsible
for the slightly differing optical constants. The introduction of different elements from
the polymer used to create glassy carbon, such as chlorine atoms from poly(vinylidene
chloride)*?®2% or nitrogen atoms from poly(acrylonitrile)****?° would be expected to
change the optical constants. Therefore, the optical constants should be different
depending on the polymer precursor used to create glassy carbon since the optical
constants are intrinsic to the material being examined and are dependent on the

oscillation of electrons in the material.!3®

2.5 A

Fitted n

Optical Constants
o
|

A
1 —_ [ ]
0.5 - N,
0 T T T T T ]
0 1 2 3 4 5 6
Energy / eV

Figure 6.7 Fitted optical constants n (blue solid curve) and & (black solid curve) of
polished glassy carbon from spectroscopic ellipsometry are used for calculating BHb film
thicknesses. For comparison purposes, k (red dots) and » (green triangles) values of
polished glassy carbon were plotted from published data by Williams and Arakawa.??’
As stated previously, measured ellipsometry data without a model is generally not

useful, since many of the plots for the different glassy carbon samples with adsorbed

BHb appear similar, as seen in Figure 6.8. Nevertheless, some information can be
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derived from these data. Upon closer inspection, a very broad shoulder visible between
250 to 400 nm (Figure 6.8b-h denoted with a * symbol), and a sharp peak visible in
Figure 6.8g near 220 nm for the measured ¥ values (also denoted with a * symbol)
suggests the presence of a thin film;'® these features were absent in the bare glassy
carbon sample data (Figure 6.8a). The peaks and shoulders are due to the interference
between the light reflecting from the surface of the film and the reflected light from the
bottom of the film; thus, the peak and shoulder seen in Figure 6.8g suggests a thicker film
on glassy carbon incubated in 30% 1-PrOH with PB and BHb when compared to the
other samples due to more interference. !

Spectroscopic ellipsometry data were obtained without incident for all samples
except for the film formed when glassy carbon was incubated in 60% MeOH with PB and
BHb. For this sample, only one measurement was possible from repeated trials and
realignments, because very little to no reflection was detected, resulting in noisy data for
the one successful attempt (Figure 6.8d). The difficulty may have stemmed from diffuse
reflection due to a rough surface scattering light away from the detector. A
complementary technique to obtain the protein film thickness such as X-ray reflectivity
would be ideal.”*° Quantifying the BHb film thickness by using UV/Vis absorption or
fluorescence was not possible since the BHb films were transparent as shown previously
in Section 6.3.3.1. Despite the difficulties in measuring the protein film formed from the
incubation solution containing 60% MeOH, the spectroscopic ellipsometry data obtained
were fitted using the same model and procedure as the other samples to estimate the film
thickness, but the results for glassy carbon prepared by incubation in 60% MeOH with

PB and BHb should be interpreted cautiously due to noisy data.
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Figure 6.8 Representative spectroscopic ellipsometry plots of measured 4 (red triangles)
and ¥ (green dots) values with the fitted 4 (purple curve) and ¥ (black curve) values for
polished glassy carbon (a) exposed to 0.2 g L' BHb in 0.1 M PB (b) containing: 30%
MeOH (c), 60% MeOH (d), 30% EtOH (e), 60% EtOH (f), 30% 1-PrOH (g), or 60%
1-PrOH (h). The symbol * emphasizes the location of a very broad shoulder or peak in
the graphs.
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Another important consideration is the error involved in the fitting process. A
common method to quantify how well the theoretical A and V¥ values generated from the
optical model fit the spectroscopic ellipsometry data is to calculate the mean squared
error (MSE), defined in Section 2.5.1. The CompleteEASE processing software used the
2-layer optical model detailed in Section 6.3.3.1 to fit the measured data and calculate
possible film thicknesses until the lowest possible MSE was obtained. As a guideline for
most applications, models with well-fitted systems should have MSE less than 20.'3

Protein film thicknesses from each sample in Figure 6.8 are tabulated in Table
6.2. The BHD thickness of 49 A adsorbed onto glassy carbon without any alcohol
exposure is larger than a previous literature value of 40 A on a gold substrate,?? but is
similar to one of the known dimensions of Hb, which is 50 x 55 x 65 A.3435 A layer of
BHb may be thinner on gold, possibly because of partial denaturation involving the
strong binding between Au and sulfur-containing amino acid residues®*'** in BHb, such
as methionine and cysteine.**

The data tabulated in Table 6.2 suggest that the thicknesses of all the adsorbed
BHb films formed on glassy carbon after incubation in aqueous-alcohol solutions with
BHb were larger than those formed without an alcohol, except for 30% EtOH which
appeared similar in thickness. The increased BHb film thickness may be due to more
alcohol-denatured BHb depositing on the glassy carbon surface. Increasing the amount
of 1-PrOH from 30% to 60% resulted in a thinner film. Contaminants from 2-propanol
can adsorb onto carbon®'® and similarly 60% 1-PrOH may have sufficient contaminants
to compete with BHb adsorption. Other possibilities involving changes in the BHb

structure such that it no longer retains its globular shape upon exposure to the alcohol and
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packs into a more spatially efficient film during adsorption are also likely. The
implications of film thickness on the electrochemical activity of BHb will be discussed
next.

Table 6.2 A summary of the BHb film thickness and estimated number of BHb layers on

glassy carbon obtained using spectroscopic ellipsometry and a Cauchy and B-spline two-
layer model. Errors in the thickness were estimated based on a 90% confidence interval.

Estimated
Glassy carbon incubated in MSE  Thickness/A  Number of
BHb Layers
BHb + no alcohol 4 493+0.3 1
BHb + 30% MeOH 9 63 +2 1.3
BHb + 60% MeOH 52 80 +20 1.6
BHb + 30% EtOH 4 48 £2 1
BHb + 60% EtOH 6 66.4+0.9 1.3
BHb + 30% 1-PrOH 7 170.3 £0.7 3.5
BHb + 60% 1-PrOH 6 101.1+£0.5 2

The BHb charge, obtained from the background-subtracted DPV BHb-reduction
peaks of glassy carbon incubated in alcohol- and BHb-containing PB (Figure 6.3), was
plotted as a function of the film thickness in Figure 6.9a. When the MeOH content
increased from 0% to 30% to 60% during incubation, the electrochemical activity of BHb
increased with the film thickness. The estimated number of BHb layers appear to
increase up to 1.6 layers of BHb upon exposure to 60% MeOH, suggesting that a thicker
protein film could result in a more electrochemically active film. The increase in BHb-
reduction and protein film thickness may be a result of MeOH denaturing BHb.
Evidence for MeOH denaturing BHb is discussed later in this chapter.

The addition of 30% EtOH to the electrolyte containing BHb and PB during
incubation increased the electrochemical activity of BHb but resulted in a similar film

thickness as an alcohol-free incubation. These results could suggest that EtOH denatured
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BHb and caused more heme groups to be electrochemically active while not sufficiently
unraveling the protein structure to affect the estimated film thickness. Alternatively,
partial dehydration of the heme cavity may result in weakening hydrogen bonds in the
heme cavity allowing the heme cavity to be more easily reorganized, facilitating the
electron transfer.>>>*3 Another possibility may be that the orientation of adsorbed BHb
on the carbon surface changed such that the heme groups may be aligned closer to the
carbon surface resulting in more BHb-reduction. Further work would be required to
analyze the orientation of the redox-active heme groups in the protein film by using other
techniques, such as angle-resolved XPS to probe the film at different depths. The
addition of 60% EtOH to the incubation mixture led to an increase in both the
electrochemical reduction of BHb and the film thickness slightly beyond a monolayer,
suggesting that the thicker film is an important consideration, similar to the MeOH-
incubated films.

Adding 1-PrOH during the incubation stage resulted in thicker and more
electrochemically active BHb films. In particular, 30% 1-PrOH resulted in the thickest
BHD film and a very high electrochemical activity, supporting the conclusion that more
electroactive BHb adsorbed on the surface. When incubated in 60% 1-PrOH, BHb
electroactivity again increased, but the film thickness was smaller (Table 6.2). These
results suggest that for high 1-PrOH content, the protein film may be more dense (more
electroactive Hb per unit film volume) or that the additional 1-PrOH resulted in increased
denaturation, causing more electroactivity per Hb molecule, though less BHb adsorbed
(thinner films), possibly due to competitive adsorption by other solution species, such as

contaminants from the 1-PrOH alcohol. As suggested previously for EtOH, the
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orientation of the heme groups within the film may also be changing towards the carbon

surface, which are expected to be more active than hemes oriented away from the carbon

surface.
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Figure 6.9 A representative plot of BHb charge calculated from background-subtracted
DPVs of glassy carbon with an electrochemically active film of BHb formed from
incubation in aqueous-alcohol with BHb (a) or glassy carbon in aqueous-alcohol

electrolyte with BHb previously seen in Figure 5.3 (b) as a function of film thickness on
glassy carbon.

The adsorbed BHb films created during incubation may provide some
understanding of possible film formation resulting in enhanced BHb-electrochemistry in
BHb-containing aqueous-alcohol electrolytes. Large increases in the electrochemical
reduction of BHb observed previously in aqueous-alcohol electrolyte (Figure 5.3, Chapter
5) may in part be connected to the film thicknesses. BHb-reduction in aqueous-alcohol
electrolyte (Figure 6.9b) showed much larger DPV charges versus films formed by
incubation (Figure 6.9a) but the trends relating charge to film thickness were similar,
suggesting that adsorbed BHb films contribute only part of the BHb activity, implying
that other mechanisms are also contributing. For example, maximum BHb-reduction was
achieved in electrolyte containing 60% MeOH, PB, and BHb, likely in part due to

decreased inhibitory surface C=0O groups on the glassy carbon surface (Section 6.2),
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whereas film formation from an incubation in 60% MeOH, PB, and BHb did not result in
the most electrochemically active film.

In summary, these data suggest that increasingly thick BHb films led to higher
BHb electrochemical responses, but the correlation is not perfect. As an example, films
formed by incubation with EtOH were thinner but more active than those formed in
MeOH-containing incubation solutions. The difference in activity may in part be due to
increased protein denaturation by EtOH, a change in heme group orientation favoring
greater accessibility, partial dehydration in the heme cavity, or other mechanisms. High
concentrations of 1-PrOH in the incubation solution also resulted in thinner but more
electroactive films, possibly due to competitive adsorption of contaminants from 1-PrOH
with BHb, the formation of a denser protein film through denaturation, or orienting the
hemes on the carbon surface to favor the reduction of BHb. Since denaturation of BHb
may be an important consideration, the evidence for BHb denaturation by using an

alcohol is presented next.

6.4 Structural BHb Changes as a Possible Mechanism for its
Increased Electrochemical Activity

As mentioned in Section 2.1, the redox-active heme groups are buried within the
hydrophobic regions of BHb, which are difficult to access electrochemically. Therefore,

alcohol-induced changes to the BHb conformation®*>-2%%

may lead to increased BHb-
reduction, such as those seen in Chapter 5. In Section 6.3, the formation of a BHb film
contributed to some of the observed BHb electroactivity, but in most cases, a significant

amount of BHb-reduction remains unaccounted for because the BHb-reduction charge in
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aqueous-alcohol electrolyte was much larger than those of the films formed by incubation
(Figure 6.9). Changes in the BHD protein structure may be responsible for the
unaccounted increase in BHb-reduction. UV/Vis absorption and fluorescence
spectroscopy were used to indicate possible changes in the protein structure of BHb
(illustrated in Figure 6.10) as a possible mechanism for the increased electrochemical

reduction of BHb in aqueous-alcohol electrolyte.

Figure 6.10 A diagram illustrating different parts of BHb being probed. The heme
groups (within the circled regions) were examined using UV/Vis absorption, the tyrosine
residues (red stars*) were probed by using UV absorption, and the tryptophan residues
(orange squares | ) were examined using fluorescence. Chimera was used in the
construction of this figure.3*
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6.4.1 Probing BHb for Structural Changes near Heme and Tyrosine Residues in
Aqueous-alcohol Electrolyte by the use of UV/Vis Absorption Spectroscopy

UV/Vis absorption spectroscopy may be used to identify changes in the
environment near the redox-active heme groups of Hb in solution.!** The Soret peak is
the most sensitive absorption peak and is generally found between 405-430 nm for
Hb.3%1%3 The position of the Soret peak is sensitive to changes in the heme structure, as
systematically studied by Wang and Brinigar, who examined optical spectra of Hb and
heme complexes with different ligands.'** A shift in the Soret peak towards a longer
wavelength was shown to be due to stronger interactions between the Fe and an axial
ligand within a heme group, while shifts towards shorter wavelengths were associated
with greater steric hindrance and decreased interactions between Fe and the axial
ligand.!*® The increase in steric hindrance is likely from conformational changes in the
peptide chain connected to the axial histidine ligand bound to iron as BHb denatures.
Changes in the Soret peak position may indicate a change in the heme structure or the

protein structure near the heme!4*2%

since a histidine residue connects a peptide chain
axially to the heme (illustrated in Figure 6.11). MeOH, EtOH, and 1-PrOH are all known

to change the conformation of Hb in solution,?> with Hb suggested to have specific

binding sites for MeOH and EtOH involving steric interactions.**
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Figure 6.11 Illustration of weaker heme Fe-histidine interactions with incré;sed steric
hindrance in a heme group of BHb resulting from sufficient alcohol exposure. Blue
portions of the illustration represent nitrogen and the red sphere represents iron. The
software Chimera aided in the preparation of this illustration.*

UV/Vis absorption data (Figure 6.12a-d) show a small blue-shift in the Soret peak
when adding small amounts of alcohol (up to 30% MeOH or 10% EtOH) to the
electrolyte, evidencing decreased Fe-histidine bonding interactions in the heme with
increased steric hindrance.!* The addition of more alcohol (40-50% MeOH, or 20%
EtOH) to the electrolyte was observed to slightly red-shift the Soret peak, suggesting
slightly tighter heme environments, similar to that of unmodified BHb. Further addition
of EtOH (30-40%) or 1-PrOH (10-20%) clearly shifted the Soret peak towards longer
wavelengths with the most red-shifted peak observed in 40% EtOH and 20% 1-PrOH.
The red-shifted Soret peaks indicate a protein conformation with greater bonding
interactions between Fe and the histidine ligand in the heme group of Hb.!** As the
alcohol content increased further (60% MeOH, > 40% EtOH, >20% 1-PrOH), the Soret
peak clearly blue-shifted, showing a decrease in the Fe-histidine ligand bonding

interaction and an increase in steric hindrance'* likely originating from conformational

changes due to protein denaturation induced by the alcohol. These results suggest that
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BHb in 1-PrOH is changing the heme environment similar to those in EtOH and MeOH.
However, less 1-PrOH was required to achieve the changes, likely due to 1-PrOH being a
less polar alcohol than EtOH and MeOH, implying that 1-PrOH denatures BHb more
than EtOH and MeOH. The possible implications of these heme changes to the
electrochemistry of BHb will be discussed later in Section 6.5.

The strong absorption peak between 210 and 220 nm in Figure 6.12a-c is most
likely due to the peptide bonds.?*> However, interpretation of the peptide bond
absorption here is unreliable due to the absorption cutoff by the aliphatic alcohols near
210 nm'*? and is more appropriately examined by the use of another technique such as
circular dichroism.?**> Circular dichroism studies of BHb in aqueous-alcohol solutions
already showed that the addition of more alcohol decreased the alpha helix content in

BHD, suggesting that BHb likely exhibited a less folded protein structure.?%
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Figure 6.12 Background subtracted UV/Vis spectra of 0.2 ¢ L' BHb in 0.1 M PB (pH
7.08) with 0% (dotted red curve), 10% (dot-dashed red curve), 20% (dashed green curve),
30% (blue solid curve), 40% (purple dot-dashed curve), 50% (dashed black curve), or
60% (solid black curve) concentrations by volume of either MeOH (a), EtOH (b), or
1-PrOH (c). The peak Soret wavelength (d) or peak tyrosine and tryptophan absorbance
at 280 nm (e) as a function of alcohol content were plotted for MeOH (red circles), EtOH
(green squares), and 1-PrOH (blue triangles) with error bars indicating one standard
deviation from three replicates.
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Near 280 nm is the absorption peak for tryptophan (Trp) and tyrosine (Tyr)*>?%¢ in
Figure 6.12a-c. Denaturation of a protein structure where the Trp and Tyr residues are
moving into a less polar environment, such as being buried in a more hydrophobic region
of the protein, is expected to increase their absorption.?*® Although Trp residues have a
higher absorption than Tyr residues, Tyr residues are known to be much more sensitive to
changes in polarity of their environment than Trp residues in globular proteins, resulting
in larger absorption changes near 280 nm;?3® thus, changes in absorption at this
wavelength were mainly attributed to Tyr. An increase in the absorbance near 280 nm is
clearly seen when 30-50% MeOH, 20-30% EtOH, or 10% 1-PrOH was present in the
BHb-containing electrolyte when compared to the alcohol-free electrolyte (Figure 6.12¢).
These results suggest that the environment near the Tyr residues is becoming less polar,
meaning that the Tyr residues are likely moving into more hydrophobic regions of BHb.
The absorption peak began to decrease when exposed to > 50% MeOH, > 30% EtOH, or
> 10% 1-PrOH (Figure 6.12¢), suggesting that the polarity of the Tyr environments

increased,>*®

which may be interpreted as increased solvent exposure relative to their
previously hydrophobic surroundings and the protein is unraveling, while also likely
opening the heme cavities. These results also imply that 1-PrOH denatures BHb more
than EtOH, which in turn denatures more than MeOH, agreeing with the previous Soret
peak results.

Changes in the Soret absorption peak wavelength revealed information regarding
changes to the heme environment, while changes in the absorption intensity at 280 nm

revealed changes to the environment around the Tyr residues. In all of the alcohols tested

(1-PrOH, EtOH, MeOH), the heme Fe-histidine interaction changed significantly
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(60% MeOH, 40% EtOH, 20% 1-PrOH) at an alcohol concentration just above that of
where the polarity of the Tyr residues decreased the most (in electrolytes containing
50% MeOH, 30% EtOH, or 10% 1-PrOH). The changing polar environments in the Tyr
residues is likely due to the Tyr residues moving inward toward the hydrophobic protein
core as the Fe-histidine interaction tightened (40% EtOH or 20% 1-PrOH). In the case of
MeOH, the heme Fe-histidine interaction loosened (60% MeOH), but for EtOH (40%)
and 1-PrOH (20%), the Fe-histidine interaction tightened first, followed by loosening
when more EtOH or 1-PrOH was added to the electrolyte. After adding sufficient
alcohol, the Tyr residues experienced an increase in polarity, likely due to increased
solvent exposure as the Fe-histidine interaction loosens, indicating protein unfolding.
Three important points may summarize these UV/Vis absorption results. The first
point is that the alcohols used in this research decrease the polar environment near the
Tyr residues in BHD, followed by changes to the heme environment with an increase in
the polar environment of the Tyr residues, which is consistent with increased solvent
exposure. The second point is that 1-PrOH denatures BHb more than EtOH, which in
turn also denatures more than MeOH since 1-PrOH required the least amount of alcohol
to both weaken the heme Fe-histidine interaction in BHb, as indicated by changes in the
Soret absorption peak wavelength, and more easily expose the Tyr residues to the
solvent. The third point is that the exact effects of EtOH and 1-PrOH on BHb were
different from that of MeOH, since no large increase in heme Fe-histidine interaction was
observed (i.e. insignificant Soret redshift) for any MeOH concentration tested, implying
that the change in protein conformation involved in the 1-PrOH and EtOH-induced BHb

changes were different from those of MeOH. These changes in the environments of the
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Tyr residues and heme groups are consistent with unraveling of the BHb structure upon
alcohol exposure where the Fe-histidine interaction is changing and the Tyr residues are
experiencing different polarities in their environment. Changes in absorption in other
regions of the UV/Vis spectrum were either too weak to be discerned as a peak or did not
yield useful diagnostic information pertaining to changes in BHb structure here in this
work. A detailed examination of Trp fluorescence may be useful to see further changes

in the BHb structure upon alcohol exposure, which is discussed next in Section 6.4.2.

6.4.2 Examining BHb for Structural Protein Changes in Aqueous-alcohol
Electrolyte by the use of Fluorescence

Fluorescence is useful for obtaining information regarding changes to the
surroundings of fluorescing amino acid residues such as Trp and Tyr.”*?> Amongst the
fluorescing amino acids, Trp has the highest quantum yield.”** The Trp fluorescence
peak typically shifts towards longer wavelengths as the polarity of the Trp environment
increases since an excited Trp has a larger dipole moment and interacts more strongly
with its environment.”** In the case of Trp buried in a hydrophobic region of a protein, a
redshifted emission peak coupled with a decrease in fluorescence intensity corresponds to
Trp exposed to a more polar environment where solvent reaching the Trp residue may
disperse more energy from the excited fluorescing Trp.*?> Conversely, as the polarity of
the Trp environment decreases, the Trp fluorescence peak would shift towards a shorter
wavelength with a corresponding increase in fluorescence intensity.>?

Other factors can affect Trp fluorescence such as an energy transfer.>*14%147 Hb is
known to have low fluorescence intensity when exciting Trp residues due to Forster

resonance energy transfer.’>!46147 Forster resonance energy transfer can occur when the
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energy of an excited chromophore (i.e. Trp) is transferred to another chromophore within
10 nm (i.e. heme group),®? resulting in a lower fluorescence intensity.>*!4¢!47 There are a
total of six Trp residues in BHb, each of which are approximately 1.4 to 1.6 nm from the
nearest heme group.***>%7 The efficiency of the energy transfer is inversely proportional
to the sixth power of the distance between the two chromophores.>> As a consequence,
conformational changes resulting in increased Trp-heme distance will decrease the
energy transfer efficiency and increase the fluorescence intensity. The quantum
efficiency of Trp fluorescence is known to increase by about 40% if all heme groups are

h,%32% and therefore no

removed from Hb with no shift in the peak emission wavelengt
shift in the emission peak wavelength is expected from the Forster resonance energy
transfer mechanism.

Changes in the Trp fluorescence of BHb in solution could qualitatively indicate
solvent exposure of the buried Trp residues and/or increased Trp-heme distances,
indicating exposure of the buried components in BHb, likely including the heme groups.
Exposing the heme groups may be partly responsible for the enhanced BHb-reduction in
aqueous-alcohol electrolyte seen previously in Chapter 5, which will be discussed later in
Section 6.4.3.

The fluorescence data of BHb in aqueous-alcohol electrolyte in Figure 6.13a-c
show the intensity of the emission peaks decreasing for 0 to 40% MeOH content, but
increasing for higher MeOH concentrations and for all concentrations of EtOH and
1-PrOH up to 60%. The increased fluorescence intensity can be explained by the

decrease in Forster resonance energy transfer where the Trp-heme distances are likely

increasing, indicating BHb denaturation. Adding a less polar alcohol to the electrolyte
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increases the Trp-heme distance since the largest increase in fluorescence intensity was
observed using 1-PrOH and the least using MeOH, which is consistent with the fact that
1-PrOH denatures BHb more than either EtOH or MeOH.?> Therefore, changes in the
fluorescence intensity of BHb show protein denaturation. However, the resonance
energy transfer mechanism cannot be used to explain a decrease in fluorescence intensity
from 0 to 40% MeOH because that would imply the Trp-heme distance are decreasing,
which is a very unlikely scenario. Exposing the Trp residues to the more polar solvent
relative to the hydrophobic protein core could result in decreased fluorescence intensity,
but the decreased intensity is usually coupled with a red-shifted Trp emission peak, which
was not observed from 0 to 40% MeOH (Figure 6.13a and d) and makes the solvent
exposure mechanism unlikely based on the results. Based on the data in Figure 6.13, no
other mechanism can be reasonably proposed for the decrease in intensity for electrolytes
containing 0 to 40% MeOH, but other fluorescence quenching mechanisms are possible,

perhaps involving the peptide bond.***%
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Figure 6.13 Fluorescence spectra of 0.2 g L™ in 0.1 M PB with 0% (dotted red curve),
10% (dot-dashed red curve), 20% (dashed green curve), 30% (blue solid curve), 40%
(purple dot-dashed curve), 50% (dashed black curve), or 60% (solid black curve) of
MeOH (a), EtOH (b), or 1-PrOH (c). The peak emission wavelength was plotted as a
function of alcohol content (d) for MeOH (red circles), EtOH (green squares), and
1-PrOH (blue triangles) with one standard deviation from three replicates.

Red-shifted Trp emission peaks for BHb were seen at high (60%) MeOH
concentrations, but were in evidence at lower EtOH and 1-PrOH concentrations. The
red-shifted fluorescence peak is likely due to increased exposure of the Trp residues to
the electrolyte. Although a decrease in fluorescence intensity is typically expected as the
Trp emission peak red-shifts due to increased solvent exposure, the resonance energy
transfer mechanism must be overcoming this effect, resulting in increased Trp emission

intensity shown in Figure 6.13a-c. As the alcohol content continues to increase beyond

the most red-shifted Trp emission peak (> 40% EtOH or > 20% 1-PrOH), the Trp
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emission peak blue-shifts and continued to increase in intensity. At these alcohol
concentrations, the blue-shift and intensity increase was likely due to a change in the
polarity of the solvent that the Trp residues were exposed to since increasing the alcohol
content decreases the polarity of the electrolyte.

Additionally, a second smaller emission peak at 300 nm was observed in
BHb-containing electrolyte with 30%, 50%, or 60% MeOH (Figure 6.13a). The Tyr
residue was assigned to this weaker peak due to its shorter peak wavelength and smaller
quantum yield than Trp.*?> The Tyr peak was not used to elucidate protein structure
because the peak did not appear in every spectra at different alcohol concentrations,
likely due significant overlap from the fluorescing Trp residues.?

The fluorescence data here suggest that MeOH-induced changes to BHb are
different from the changes induced by either EtOH or 1-PrOH. Lower Trp emission
intensities for electrolytes containing < 50% MeOH were observed but having either 60%
MeOH, 10-60% EtOH, or 10-60% 1-PrOH in the electrolyte resulted in higher
fluorescence intensity (Figure 6.13a-c). These data suggest that for electrolytes
containing < 50% MeOH, the Trp environments changed differently from those induced
by either EtOH or 1-PrOH, implying that the exact mechanism behind the MeOH-
induced changes were different from those of EtOH and 1-PrOH. This interpretation
agrees with the previous UV/Vis data, where an increase in heme Fe-histidine
interactions were observed for EtOH and 1-PrOH but there was no similar observation
for any concentration of MeOH tested.

Overall, the use of fluorescence suggests that the addition of an alcohol changes

the Trp polar environment in BHb. The results suggest that the Trp-heme distance
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increased and the polarity of the environment near the Trp residues in BHb changed with
the addition of more EtOH or 1-PrOH, but these changes in MeOH were not obvious
until 60% MeOH was present, meaning that similar alcohol-induced changes occurred for
EtOH and 1-PrOH but differently for MeOH. This interpretation is consistent with the
UV/Vis absorption data, which also suggested that MeOH-induced changes for MeOH
less than 60% were different from those of EtOH and 1-PrOH. 1-PrOH was shown to be
more effective than either MeOH or EtOH in denaturing BHDb since less of this alcohol
was required to induce structural changes in BHb, agreeing with the previous UV/Vis
results. The possible consequences of these results on the increased electrochemical

reduction of BHb seen previously in Chapter 5 will be discussed next.

6.4.3 Consideration of Structural Changes in BHb and its Electrochemistry

Unfolding of BHb is known to increase its electrochemical activity.”’ UV/Vis
data (Section 6.4.1) provided evidence for denaturation, where the Fe-histidine distance
and steric hindrance changed within the heme. UV/Vis data also suggested that the Tyr
residues experienced changing polarities in their environments and were likely exposed
to the electrolyte when sufficient alcohol was added to the electrolyte. The use of
fluorescence spectroscopy (Section 6.4.2) suggested that the protein structure, likely
including the heme cavities, is opening with the addition of alcohol to the BHb-
containing electrolyte, where the Trp-heme distance increased and the Trp residues were
more exposed to the electrolyte. Together with the results from Section 5.4, the BHb-
reduction increased with more alcohol in the electrolyte as the BHb structure changed,

indicated by these spectroscopic results. Reedy et al. suggested that a solvent-exposed
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heme would result in a negative heme reduction potential shift,?"’

which is likely true
based on the DPV data seen in Section 5.4 and the increased solvent exposure of the Tyr
and Trp residues interpreted from the UV/Vis and fluorescence data in Sections 6.4.1 and
6.4.2.

Subtle structural changes in the heme groups of BHb may be related to the
increased electrochemistry shown in Chapter 5. From the UV/Vis results (Section 6.4.1),
the Fe-histidine interaction was suggested to be weaker with the addition of sufficient
alcohol to the electrolyte. Adding less polar alcohols, such as 1-PrOH, required smaller
volumes than a more polar alcohol like MeOH to weaken the Fe-histidine interaction.
Weakening this interaction would loosen the Fe in the heme from the unraveling globin
structure with increased steric hindrance near the heme (Section 6.4.1), which is possible
as the globin unravels with increasing solvent exposure in the protein; thus increasing
accessibility to the redox-active hemes to increase BHb-reduction. Additionally,
increases in the Trp-heme distance from fluorescence data were suggested for electrolytes
containing 60% MeOH, and all concentrations of EtOH and 1-PrOH studied here, further
confirming that BHb is unfolding. Low MeOH concentrations resulted in little protein
denaturation (up to 30% MeOH), resulting in small increases in BHb electroactivity, but
for 40-50% MeOH, BHb continued to denature through other means, since the polar
environments of the Trp and Tyr residues continued to change. Together with the
electrochemical results in Chapter 5, the BHb electroactivity is increasing as the BHb
structure unfolds. These interpretations are consistent with the UV/Vis (Section 6.4.1),

fluorescence (Section 6.4.2) and DPV data (Chapter 5).
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In terms of BHb electrochemistry, adding 60% MeOH to the electrolyte loosened
the BHD structure (indicated by increased Trp-heme distance, increasing solvent exposure
near the Tyr and Trp residues, and loosening of the heme Fe-histidine), leading to better
access to the heme groups and increased BHb electroactivity. Additionally, EtOH and
1-PrOH induced another change not observed in any concentration of MeOH, which was
the tightening of the Fe-histidine interaction. This additional specific change did not
appear to have a direct significant effect on the BHD electroactivity, but does appear to be
a result of protein denaturation. Therefore, unravelling of the BHb structure appears to
be an important factor involved in increasing BHb electroactivity.

All of the UV/Vis absorption and fluorescence data show that the BHD structure is
changing, but cannot be used alone to reliably predict the BHb electroactivity. Both the
carbon surface oxides on the glassy carbon electrode and the film thickness also influence

the BHb electroactivity, which will be considered in the next section.

6.5 Dominant Mechanisms Affecting the Electrochemical Activity of
BHD in Aqueous-alcohol Electrolyte

Multiple possible factors affect the electrochemical reduction of BHb; the
mechanisms identified and studied in this thesis include: changing the carbon-oxygen
surface groups, incorporation of BHb into a film, and structural changes in BHb, likely
resulting in greater access to the electrochemically active heme groups. For different
types and concentrations of alcohol, different mechanisms appear to dominate. This
section examines which mechanisms are likely dominant for each alcohol at particular
concentrations with the ultimate goal of improving the electrochemical activity of BHb.
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As areminder, Section 6.2 showed increased Hb electroactivity with decreases in
C=0 carbonyl or C-O ether groups, Sections 6.3.1 and 6.3.3.2 showed that alcohols affect
the adsorption of BHD into an electroactive film, and Section 6.4 showed the alcohol-
induced denaturation of BHb. Protein denaturation was indicated by a combination of
changing the polarity of the environments around the Tyr and Trp residues, increased
solvent exposure, increased Trp-heme distance, and changes in the heme Fe-histidine
environment.

Figure 6.14a shows the electrochemical response (charge) as a function of MeOH
concentration in the BHb-containing electrolyte. MeOH contents up to 30% resulted in
little increased BHb-reduction, but higher concentrations resulted in significant BHb
electroactivity, with 60% MeOH exhibiting the largest BHb-reduction across all three
alcohols and concentrations used in this research. The expected decrease in BHb
electroactivity due to increased C-O surface groups is offset by the expected increase in
BHb electroactivity due to decreased C=O surface groups for electrolytes containing up
to 30% MeOH (Section 6.2); this together with a small increase in film thickness (Figure
6.9, Section 6.3.3.2) and signs of little protein denaturation (Section 6.4) may explain the
small increase in BHb-reduction for electrolytes containing up to 30% MeOH (Figure
6.14a). The large increase in BHb-reduction as MeOH increased above 30% was most
likely in part due to significant decreases in C-O and C=0 surface groups. Additionally,
signs of greater protein denaturation were obvious as the MeOH content was increased up
to 60%, all of which likely further increased BHb-reduction. The increase in film
thickness for 30 to 60% MeOH was similar to that for 0 to 30% MeOH where there was

very little increase in BHb electroactivity, suggesting that the film contributed negligibly
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to the increase in BHb electroactivity for > 40% MeOH. Therefore, the increases in BHb
electroactivity for > 40% MeOH must be mainly from decreases in C-O and C=0 surface

groups and denaturation of BHb, yielding the highest electroactivity.
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Figure 6.14 Background-subtracted BHb charge for different concentrations of MeOH
(a), EtOH (b), or 1-PrOH (c) with 0.2 g L"! BHb in PB with different mechanisms likely
contributing to BHb-reduction. The BHb charge data were reproduced from Figure 5.3d
in Section 5.4 and the mechanisms likely contributing to BHb-reduction were interpreted
from the data shown in this chapter. The error bars indicate one standard deviation from
three replicate trials.

In the case of EtOH, the mechanisms that contributed to the increased BHb-
reduction seen for MeOH also apply, but at different concentrations of the alcohol
(Figure 6.14a and b). BHb exposed to 30% EtOH resulted in higher BHb electroactivity,
but no change in the film thickness versus BHb not exposed to any alcohol, suggesting

that the film thickness at that concentration was not a good indicator of BHb
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electroactivity. A decrease in C=0 and increase in C-O surface groups offset each
other’s change in BHb activity (30% EtOH, Section 6.2); thus, unraveling of the protein
structure through large changes in the polar environments of the Trp and Tyr residues
with increased Trp-heme distance (up to 40% EtOH) likely contributed the majority of
the increased BHb electroactivity. As BHb continued to unravel due to more solvent
exposure (up to 60% EtOH), a looser heme structure was also evident (50-60% EtOH,
Figure 6.14b) with continued increase in Trp-heme distance. As the EtOH content
approached 60%, a small increase in film thickness was observed, but likely insufficient
to cause a significant change in BHb-reduction since its film thickness was similar to the
carbon sample incubated in 30% MeOH, which had little influence on BHb-reduction. A
large increase in BHD electroactivity was expected for 60% EtOH but a significant
increase in inhibiting C=0 carbonyl surface groups was observed upon exposure to 60%
EtOH, which was likely responsible for the observed plateaued BHb-reduction for that
concentration of EtOH. BHb denaturation and changes in carbon surface oxides are
competing mechanisms, which is contrary to the results seen with MeOH where the
carbon surface oxides and BHb denaturation worked together to further increase BHb
electroactivity. These interpretations suggest that for < 60% EtOH, denaturation of the
protein structure is the overall dominant mechanism in increasing BHb-reduction, but
was inhibited by the increase in C=0 surface groups, as seen in electrolytes with 60%
EtOH.

Of the three alcohols tested in this research, 1-PrOH denatured BHb the most and
produced the thickest film on the carbon electrode surface. Some decrease in BHb-

reduction was expected due to the increase in C-O and C=0 surface groups for 30%
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1-PrOH content, but an increase in BHb-reduction was still observed, suggesting that the
denaturation of BHb was the dominant mechanism leading to enhanced BHb-reduction.
The thicker film formation may have also partly contributed to the increased BHb-
reduction and cannot be ruled out. Protein denaturation was most significant for 1-PrOH
concentrations up to 40% and the biggest increases in BHb electroactivity were observed
at those concentrations. However, increasing 1-PrOH concentrations beyond 40%
resulted in a plateau (50% 1-PrOH) and a decrease (60% 1-PrOH) in BHbD electroactivity
that may have been caused, in part, by the formation of a thinner film (60% 1-PrOH,
Section 6.3.3.2) and by more inhibiting C-O surface groups (50% to 60% 1-PrOH,
Section 6.2), suggesting that the film thickness and carbon surface oxides may also be an
important factor in BHb-reduction for these high 1-PrOH concentrations. These results
and interpretations suggest that the enhanced BHb-reduction due to 1-PrOH was likely
overall dominated by the denaturation of BHb, but forming a thinner film and increasing
carbon surface oxides may have inhibited the BHb electroactivity in electrolytes
containing high 1-PrOH concentrations.

The combined interpretation of the data suggests that the denaturation of BHb was
usually the dominant mechanism governing the increased BHb-reduction. The data more
specifically suggest that the decreased carbon-oxygen (C-O and C=0) surface groups and
denaturation of BHb mainly contributed to the enhanced BHb-reduction due to MeOH
and <60% EtOH exposure. Protein film thickness contributed negligibly to BHb
electroactivity in electrolytes containing either MeOH or EtOH, but cannot be ruled out
for 1-PrOH. In the case of adding either 30% 1-PrOH or 40-50% EtOH, increases in the

C=0 or C-O surface oxides was expected to decrease BHDb electroactivity, but an increase
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was observed, implying that the denaturation of BHb was a more important mechanism
than changes in the carbon surface oxides for these alcohols. However, sufficiently high
amounts of C=0 and C-O surface oxides formed from exposure to high concentrations of

either EtOH or 1-PrOH resulted in a plateaued or decreased BHD electroactivity.

6.6 Conclusions

Multiple factors were seen to be involved in the increased BHb electroactivity
upon exposure to a water-miscible primary alcohol. The mechanisms explored in this
chapter were: changes to the carbon-oxygen surface groups on glassy carbon, formation
of'a BHDb film, and structural changes in BHb. Changes in carbon surface oxides were
examined by the use of XPS, while evidence of a film formation was examined using
electrochemistry and spectroscopic ellipsometry. Structural changes in BHb were
examined using both UV/Vis absorption spectroscopy and fluorescence. Information
gathered from all of these techniques were combined together with the electrochemical
results to determine which mechanism was more influential in increasing BHb
electroactivity.

Denaturation of BHb was usually the dominant mechanism in increasing BHb
electroactivity when adding any one of MeOH, EtOH, or 1-PrOH to the electrolyte.
Although clear evidence was presented for many subtle changes in the BHb structure
upon exposure to 1-PrOH, EtOH, and high concentrations of MeOH, those changes alone
were not sufficient to explain the increases in BHb-reduction in aqueous-alcohol
electrolyte. Changes to the carbon-oxygen surface groups on glassy carbon also affected

BHD electroactivity. For example, the addition of MeOH led to increased BHb
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electroactivity (decreased C-O and C=O surface groups), but high concentrations of
1-PrOH and EtOH led to a decrease (increased C-O and C=O surface groups).
Electrolytes containing 60% MeOH had the best BHb electroactivity of all the alcohols
and concentrations tested because of both the denaturation of BHb and a decrease in the
inhibiting carbon surface oxides favoring BHbD electroactivity. An increase in the
electrochemically inhibiting carbonyl and ether surface groups appeared to have a lesser
effect on the BHb-reduction as seen in the presence of lower 1-PrOH concentrations in
the electrolyte, suggesting that the denaturation of BHb was a more important factor than
changing the carbon surface oxides.

There was also clear evidence for an electrochemically active BHb film adsorbed
onto glassy carbon when incubated in BHb with or without alcohol. The incubation
solutions containing 1-PrOH created thicker and more electroactive films than either
EtOH or MeOH. Increasing the film thickness may increase with BHb-reduction, but it
appeared to have less impact than the other mechanisms on increasing BHb-reduction.
For example, 30% EtOH did not result in a thicker film, yet the BHb-reduction increased
due to changes in the BHb structure, again suggesting that change in the protein structure
of BHb was more important. The different mechanisms governing BHb-reduction in
aqueous-alcohol electrolytes cannot and should not be considered in isolation since all of
the mechanisms discussed in this chapter affected BHb-reduction for different types and

concentrations of water-miscible primary alcohols.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The research presented in this thesis focused on developing a fundamental
understanding of what enhances and inhibits BHb electroactivity on carbon electrode
materials. As shown in this thesis, different carbon-oxygen surface groups affected the
electrochemical reduction of BHb with fundamental implications because different
carbon electrode materials have differing carbon surface oxides, explaining why BHb is
active on some carbon materials and inactive on others. In Chapter 4 of this work,
carbon-oxygen surface groups were identified using ATR-FTIR, TPD, and Cis XPS.
Separately, CVs and DPVs were used to track BHb electroactivity. Surface ethers,
quinones, and carbonyls were found to inhibit BHb-reduction. Carbon surface
modifications by the use of ultrasonication and electroreduction were employed to
confirm the inhibitory effects of surface ethers and carbonyls. Modification by the use of
ultrasonication converted a powdered carbon electrode material that was previously
electrochemically inactive with BHb into a BHb-active material by decreasing surface
ethers. Further modification by the use of electroreduction removed surface carbonyl
groups, further enhancing BHb electroactivity. These carbon electrode modifications,
presented in Chapter 4, were relatively easy to implement and are recommended for
carbon materials employed for the electrochemical detection of BHb. Knowing which
carbon surface functional groups inhibit BHb activity allows for more insightful

modification of carbon electrode materials to improve BHb detection. This knowledge
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may also allow a wider range of carbon materials to be used, including more affordable
carbon materials since inactive carbons may be more easily modified to become active.

Previous literature reports debated whether carbon surface oxides increased or
decreased Hb electroactivity. Experimental evidence is presented in this thesis provides
showing that an increase in surface ethers, carbonyls, and quinones on a carbon electrode
material decrease BHD electroactivity in aqueous electrolyte. This can then be used to
resolve the apparent contradictory conclusions drawn in some literature reports since it is
not the overall degree of carbon oxidation that is significant, rather the specific carbon
surface oxide groups that are key. The apparent contradictions likely arise from research
groups using electrodes with different types of carbon surface oxides.

In examining the literature related to the apparent contradictory reactivity between
Hb and a carbon electrode, it was noted that some results could be separated based on
whether or not an alcohol-containing binder was used. One common route of alcohol
exposure 1s in preparation of thin films involving a binder, such as Nafion, to hold BHb
onto the electrode surface. In this thesis, exposing a glassy carbon electrode and BHb to
a water-miscible primary alcohol was observed to increase the electrochemical reduction
of BHb. 1-PrOH present in a Nafion suspension used to immobilize BHb on a carbon
electrode resulted in almost an order of magnitude larger BHb-reduction current versus
Nafion without any alcohol. An increase in BHb electroactivity was observed when any
one of the three alcohols (MeOH, EtOH, 1-PrOH) was added to the electrolyte. The
addition of 60% MeOH to the BHb-containing electrolyte resulted in the largest
BHb-reduction increase. For the purposes of sensing BHb in an aqueous-alcohol

electrolyte with no binder, 60% MeOH should be present to maximize the
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electrochemical reduction of BHb. If a binder must be used to immobilize BHb, it should
ideally not contain any alcohol to prevent changes to the BHb structure and carbon
surface, which may be misattributed to increases in the BHb electrochemical signal to
other components of the biosensor. However, 10% MeOH resulted in the least change in
the BHb protein structure and the smallest increase in BHb-reduction of all the alcohols
tested. Electrochemical Hb biosensors prepared with a binder containing an alcohol
should be used with care where a low MeOH content is preferred to minimize alcohol-
induced changes to the carbon electrode and to BHb; the use of 1-PrOH, EtOH, or high
MeOH content in a binder should be avoided.

Multiple factors were considered in an attempt to understand the mechanisms by
which alcohol exposure affects the BHb-reduction. The factors explored in this thesis
were changes in carbon-oxygen surface groups before and after exposure to aqueous-
alcohol electrolyte, the creation of a BHD film on carbon, and denaturation of BHb in the
aqueous-alcohol electrolytes. Cis XPS was used to monitor the carbon-oxygen surface
groups, spectroscopic ellipsometry to estimate film thicknesses, and UV/Vis absorption
and fluorescence to monitor BHb denaturation. These three factors played varying roles
in BHb-reduction for different alcohol types and concentrations. The thickness of the
BHD film formed on the carbon electrode surface contributed little to BHb electroactivity,
except when incubated in 1-PrOH. Incubating glassy carbon in BHb with a less polar
alcohol such as 1-PrOH resulted in a thicker and more electrochemically active film than
either MeOH or EtOH. Overall, the denaturation of BHb was generally most important
for electrolytes containing MeOH, EtOH, or 1-PrOH, where unfolding of the protein

appeared to allow easier access to the heme groups. A change in carbon-oxygen surface
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groups was also an important factor where C=0 and C-O surface groups were decreasing
for high MeOH concentrations, resulting in increased BHb-reduction, but increasing C=0
or C-O surface groups for high EtOH or 1-PrOH concentrations respectively inhibited
BHDb electroactivity. 1-PrOH exposure was shown to change BHb protein structure more
than either EtOH or MeOH, which was correlated to the large increases in BHb-
reduction. EtOH and 1-PrOH likely changed the BHb protein structure in a similar way,
different from MeOH. Even though change to BHD structure was important, all three of
these factors (carbon surface oxides, film formation, BHb denaturation) likely contributed
together favorably in 60% MeOH-containing electrolyte, resulting in the largest BHb-
reduction seen.

Based on the work presented in this thesis, different parameters involved in the
voltammetric detection of BHb in a buffered electrolyte can be optimized. The carbon
electrode material should have the lowest possible surface ether, carbonyl, and quinone
content. To help achieve this, a powdered carbon electrode material can be
ultrasonicated in water to lower the surface ether content, followed by the use of an
electroreduction procedure to decrease the surface carbonyl content. Ideally, the
electrolyte will contain 60% MeOH to sufficiently denature BHb and decrease C-O and
C=0 surface groups, while the remainder of the electrolyte is composed of BHb in an
aqueous buffer. A DPV should be recorded to clearly observe the BHb reduction peak.

Following these recommended steps should optimize the voltammetric response of BHb.
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7.2 Future Work

Two different directions may be taken to continue the research presented in this
thesis. One direction would be to examine how alcohols interact with the carbon surface,
resulting in a change in the carbon-oxygen surface groups. In particular, how does
MeOH react with the carbon surface, resulting in decreased carbonyl surface groups and
increased BHD electroactivity? A possibility may simply be dissolving impurities on the
carbon surface and/or the surface carbonyl groups. Another possibility may be that
MeOH reduces the surface carbonyls, resulting in a C-O surface group or free carbon site,
or conversely oxidizes the surface carbonyls into CO; that will then leave the carbon
surface. However, more questions arise because 1-PrOH exposure resulted in a more
oxidized carbon surface. The length of the alcohol's alkyl chain clearly changes the
reaction, but it is currently unclear how. Infrared spectroscopy and mass spectrometry
may be able to elucidate possible products or impurities dissolved in the alcohol solvent
after being exposed to the polished glassy carbon. Understanding the mechanism behind
how the carbon surface oxides are removed may be exploited to further optimize the
removal of the carbon surface oxides to further improve BHb electroactivity.

Further investigation of carbon surface oxides on BHb electroactivity may
proceed using a gold electrode surface. Modification of the gold surface using thiol
groups to build and control the presence of different specific carbon-oxygen surface
groups may allow a more thorough systematic investigation of these surface groups on
BHD electroactivity. This method may also allow further investigation into how the
water-miscible alcohols affect particular types of carbon surface oxides to enhance BHb

electrochemistry.
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A second direction that may be taken is to examine the adsorbed BHD film.
Determining the composition of the film and orientation of the hemes within the film on
the carbon electrode would be an interesting future endeavor. Greater BHb
electroactivity is expected if the heme groups in the film are arranged closer to the carbon
electrode surface or if there are simply more BHb and, therefore, heme groups in the film.
Radiolabeling and XPS may be used to quantify the BHb surface concentrations on the
carbon surface. Identifying where and how BHb is oriented in the film may be aided by
the use of radiolabeling. Additionally, angle-resolved XPS studies of BHb films on
glassy carbon scanning for Cis, Nis and Feyp, at different angles may elucidate how the
heme groups are oriented in the film. This technique would yield information regarding
whether there are more redox-active Fe from the hemes concentrated towards the top of
the film, the middle, or the interface between the glassy carbon and the film. The
procedure may also be repeated on BHb adsorbed onto carbon surfaces with more C=0O
and C-O surface groups resulting in inhibited BHb electroactivity to determine how these
surface groups may be changing the orientation of the heme groups in the film relative to
a carbon surface with fewer C=0 and C-O surface groups. The carbon surface oxides
themselves may also be changing upon BHb adsorption, which could indicate how BHb
binds to the carbon surface.

To complement the estimated protein film thickness measurements obtained from
spectroscopic ellipsometry data, other techniques such as X-ray reflectivity or
angle-resolved XPS could be used. The obvious disadvantage of using X-ray techniques
is that radiation damage may be introduced to the adsorbed BHb film. An additional

disadvantage of these techniques is that the sample is placed in a high vacuum, which
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will likely decrease the adsorbed film thickness and may not be completely representative
of the sample used for electrochemical studies.

Further questions may arise regarding what happens to the adsorbed BHb on the
carbon surface after it is electrochemically reduced. A combined technique, such as the
combination of electrochemistry and XPS,?*! would be ideal to examine and learn the fate
of the BHb. For instance, it is unknown whether BHb remains attached to the carbon
surface, or if the iron from the heme groups remains within the film after reduction.

Other unknowns, such as whether the attached heme iron remains reduced on the carbon,
will be of fundamental importance. The amount of potential knowledge and information

gained would be unsurpassed.
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