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Abstract 
Despite underpinning biological communication, sugars have limited applications as 

biorecognition elements in biosensors, caused by promiscuity between sugar probes and 

protein binding partners. Here, site-specific fluorination was harnessed to introduce 

protein -sugar selectivity to specifically target galectin-3, a valuable diagnostic biomarker. 

Electrochemical detection methods were employed due to their speed, sensitivity, and 

affordability.  

For the first time, electrochemical biosensing of galectin-3 was achieved by exploiting its 

enhanced binding affinity  to glycofluoroforms (fluorinated analogues of native binding 

sugars). Polymer tethers were used to provide a passivated surface and the resulting 

biosensing platforms selectively bound galectin-3 compared to control glycans and 

proteins. Initially, the thiol functionality of the polymer, linked to the glycofluoroform via 

strain-promoted azide-alkyne cycloaddition, was used to immobilise the conjugate onto a 

gold electrode. Electrochemical impedance spectroscopy analysis quantif ied the increase in 

charge transfer resistance between the gold electrode surface and solution-phase 

potassium ferricyanide observed on galectin-3 binding. Titration experiments revealed an 

apparent Kd of 240 nM. However, a high level of irreproducibility was observed between 

sensors, and the electrochemical instability of the gold-thiol bond prevent ed the use of 

further electrochemical measurement techniques. 

Subsequently, triazabutadienes were used as masked diazonium ions for covalent 

immobilisation of polymer -sugar conjugates onto carbon electrodes. Compared to gold-

thiol self-assembly, electrografting yielded a higher coverage of glycofluoroform (5.201 

pmol compared to 0.350 pmol) and conferred an apparent Kd of 13 nM. The higher affinity 

of this sensing platform and the wide range of detectable galectin -3 concentrations (1 ng 

mL-1 to 10 µg mL-1) is more suited to the expected biological galectin -3 levels. Furthermore, 

the increased stability of the modified surface due to the covalent carbon -electrode bond 

allowed for more complex voltammetry methods to be explored. Extraction of faradaic 

current from Fourier transformed alternating current voltammetry experiments 

demonstrated a simpler analysis of galectin-3 binding. 
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showing the variation in the extracted wŎǘ ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ ŜȄǇŜǊƛƳŜƴǘǎ ƻƴ ŘƛŦŦŜǊŜƴǘ ΨōŀǊŜΩΣ ƛΦŜΦ ǳƴƳƻŘƛŦƛŜŘΣ 

Au-{t9 όǇǳǊǇƭŜΣ ƴ Ґ нлύ ŀƴŘ ŘƛŦŦŜǊŜƴǘ Ψt-DCCΩ ƳƻŘƛŦƛŜŘ !ǳ-SPEs (green, n = 63) following equivalent circuit 
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fitting to the large datasets shown in Figures S4 and S5.The limits of the solid box represent the 25th and 

трǘƘ ǇŜǊŎŜƴǘƛƭŜ όмΦф ŀƴŘ пΦл ƪʍ ƻǊ нлΦу ŀƴŘ ппΦф ƪʍΣ ŦƻǊ ōŀǊŜ ŀƴŘ t-GFF respectively), the central horizontal 

line in the box shows the position of ǘƘŜ ƳŜŘƛŀƴ όоΦл ƻǊ омΦт ƪʍύ ŀƴŘ ǘƘŜ ǳǇǇŜǊ ŀƴŘ ƭƻǿŜǊ ƘƻǊƛȊƻƴǘŀƭ 

άǿƘƛǎƪŜǊέ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ рǘƘ ŀƴŘ фрǘƘ ǇŜǊŎŜƴǘƛƭŜǎ όмΦл ŀƴŘ сΦм ƪʍ ƻǊ рΦр ŀƴŘ тфΦм ƪʍύΦ 9L{ 

measurements were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM 

sodium phosphate, 233 mM sodium chloride) with the following parameters: t(equilibration) = 300 s, EDC = 

0.160 V vs Ref, EAC = 10 mV, f = 0.1 Hz ς 10 kHz. Rs = solution resistance, Rct = resistance to charge transfer, 

ZW = Warburg element, Q and Ŭ are the parameters used to model a constant phase element, and ˋм ŀƴŘ ˋн 

are noise parameters. _____________________________________________________________________76 

Figure 2.21. (a) Extracted Rct parameters (green dots) for individual P-GFF modified Au-SPEs plotted against 

the age of the P-GFF conjugate solution showing no correlation in Rct over time. The mean Rct values (wɏct) for 

ōƻǘƘ ōŀǊŜ όǇǳǊǇƭŜ ŘŀǎƘŜŘ ƭƛƴŜύ ŀƴŘ ǇƻƭȅƳŜǊ ƻƴƭȅΣ άtέΣ ƳƻŘƛŦƛŜŘ όƻǊŀƴƎŜ ŘŀǎƘŜŘ ƭƛƴŜύ !ǳ-SPEs are shown for 

comparison. (b) Distribution plots overlaying the datasets from Figure 2.20(d) (purple and green), Figure 

2.21(a) (dark green with diagonal bars) and Figure 7.7 (orange). Lines represent Kernel Smooth distributions 

ŀƴŘ ŀ рл҈ ƎŀǇ ƛǎ ǳǎŜŘ ǘƻ ǎŜǇŀǊŀǘŜ ǘƘŜ ǾŜǊǘƛŎŀƭ ōŀǊǎΦ ¢ƘŜ ƭƻǿŜǊ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ Ǉƭƻǘ ƛǎ ŀ άǊǳƎέ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ 

point values of the individual measurements. __________________________________________________79 

Figure 2.22. The four redox probes that have been explored in this work. ___________________________80 

Figure 2.23. Nyquist and Bode plots for (a) a P-GFF modified SPE and (b) a P modified SPE with constant 

exposure to K3[Fe(CN)6]. EIS measurements taken at 0.16 V (vs Ref) with an amplitude of 0.01 V from 10 kHz 

to 0.1 Hz with ten readings per decade in 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium 

phosphate, 233 mM sodium chloride). _______________________________________________________81 

Figure 2.24. Bode plots showing seven measurements over 84 hours for a bare Au-SPE incubated in a variety 

of buffers all containing 10 mM K3[Fe(CN)6]: (a) phosphate, (b) Mes, (c) Tris, and (d) HEPES. ____________82 

Figure 2.25. (a) Bode plots for all stages of the modification of disc electrodes (bare, purple squares (two 

scans are shown to encompass full frequency range); P modified, orange circles; P-GFF modified, green 

triangles) and (b) Bode plots for a P-GFF modified disc electrode with constant exposure to [Ru(NH3)6]Cl3. EIS 

measurements taken at -0.23 V (vs Ref) with an amplitude of 0.01 V over varying frequency ranges between 

1 MHz and 0.01 Hz with ten readings per decade in 10 mM [Ru(NH3)6]Cl3 in pH 7 aqueous buffer (100 mM 

sodium phosphate, 233 mM sodium chloride). _________________________________________________83 

Figure 2.26. Nyquist plot for a series of repeats of blank and polymer-sugar (P-GFF) modified SPEs studied in 

10 mM [Ru(NH3)6]Cl3 in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride). EIS 

measurements taken at -0.2 V (vs Ref) with an amplitude of 0.01 V from 1 MHz to 1 Hz with ten readings per 

decade. ________________________________________________________________________________84 

Figure 2.27. (a) Cyclic voltammograms for a 1:10 mixture of 6FcSH and polymer (left for 24 hours for SAM 

formation) recorded from 1.0 to -0.2 V (vs Ref) at 100 mV s-1, (b) Cyclic voltammograms for immobilised and 

clicked FD-01 recorded from -0.1 to 0.4 V at 100 mV s-1, and (c) Nyquist and Bode plots for immobilised FD-

01. EIS measurements taken at 0.19 V (vs Ref) with an amplitude of 0.01 V from 10 kHz to 0.1 Hz with ten 

readings per decade. _____________________________________________________________________85 
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Figure 2.28. Nyquist (left) and simplified Bode (right) plots for BSA incubation experiments on P-GFF 

modified SPEs probed with (a) [Ru(NH3)6]Cl3 and (b) K3[Fe(CN)6]. EIS measurements were taken before and 

after BSA application at -0.2 V (vs Ref) between 1 MHz and 1 Hz for the ruthenium probe and at 0.23 V (vs 

Ref) between 10 kHz and 0.1 Hz for the iron probe. Solutions were 10 mM of the redox probe in pH 7 

aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride). ____________________________87 

Figure 2.29. 2D scatter plots showing correlations for circuit parameters used to infer parameter 

distributions from a representative galectin-3 incubation experiment. The diagonal represents the 1D 

histograms for each parameter showing the distribution of the fitted values. The MCMC used to generate 

these chains was run for 10,000 samples, with the first 3,000 discarded as burn-in. Inset: Resultant Nyquist 

plots (dots) and the computational fitting (line) and Bode plots for the galectin-3 incubation experiments. EIS 

measurements were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM 

sodium phosphate, 233 mM sodium chloride) with the following parameters: t(equilibration) = 180 s, EDC = 0.230 

V, EAC = 10 mV, f = 0.05 Hz ς 10 kHz. Rs = solution resistance, Rct = resistance to charge transfer, ZW = 

Warburg element, Q and Ŭ are the parameters used to model a constant phase element, and ˋм ŀƴŘ ˋн ŀǊŜ 

noise parameters. ________________________________________________________________________88 

Figure 2.30. Nyquist plots, where the dots are the experimentally measured datapoints and the lines are the 

equivalent circuit fits, for galectin-3 titration experiments performed on different P-GFF modified Au-SPEs, 

the number is the top-left corner corresponds to the repeat number referenced in Figure 2.31. EIS 

measurements were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM 

sodium phosphate, 233 mM sodium chloride) with the following parameters: t(equilibration) = 180 s, EDC = 0.230 

V, EAC = 10 mV, f = 0.05 Hz ς 10 kHz. _________________________________________________________90 

Figure 2.31. Extracted Rct parameters for the experiments shown in Figure 2.30. (a) Best-fit point values 

obtained from CMA-ES analysis. * denotes the dataset shown in Figure 2.29 ŀƴŘ ǊŜǇŜŀǘǎ ƳŀǊƪŜŘ ǿƛǘƘ ŀ Ϟ 

are the datasets combined in Figure 2.32. (b) Distributions obtained from MCMC analysis for the initial 

measurement (i.e. 0 µg mL-1 galectin-3 concentration). EIS measurements were performed in the presence of 

10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the 

following parameters: t(equilibration) = 180 s, EDC = 0.230 V, EAC = 10 mV, f = 0.05 Hz ς 10 kHz. ______________91 

Figure 2.32. Extracted Rct parameter plotted against galectin-3 concentration for three SPEs with similar 

values of protein free initial measurements, the mean value and 95% confidence limits are shown with a 

black cross and grey vertical error bars, respectively. ____________________________________________92 

Figure 2.33. (a) Combined datasets from three different P-GFF (green squares) and P-CS (blue dots) modified 

Au-SPEs titrated against galectin-3. The P-GFF dataset is fit to a straight line (black dashed line, equation 

shown on plot) to enable determination of Kd, as described in the text. Inset: chemical structures of GFF 

(green) and CS (blue). The datapoints represent the average values from the combined datasets, while 

vertical error bars represent the standard deviation. (b) Analysis of the combined response-versus-protein 

concentration dataset (Figure 2.32), where datapoints (black crosses) are the average value from the 

dataset and vertical error bars denote the standard deviation. A best fit to the Hill equation is shown by the 
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pink line, as described in the text. Here, n =5.7 and KA όǎƻƳŜǘƛƳŜǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ά9/50έ ǾŀƭǳŜύ Ґ муΦр ҡƎ 

mL-1 (equivalent to 713 nM). _______________________________________________________________93 

Figure 2.34. Extracted Rct parameters for the P-CS modified Au-SPEs. ______________________________94 

Figure 2.35. Extracted Rct parameters for BSA incubation of both bare and P-GFF modified Au-SPEs. _____95 

Figure 3.1. Requirements of a selected modification method to be suited for biosensors.180 _____________98 

Figure 3.2. (a) Reaction scheme for aryl diazonium electrografting onto an electrode surface and (b) Web of 

{ŎƛŜƴŎŜ ǊŜǎǳƭǘǎ ŦƻǊ ǎŜŀǊŎƘŜǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ƪŜȅǿƻǊŘǎ ΨōƛƻǎŜƴǎƻǊΩ ŀƴŘ ΨŎƻƭǳƳƴ ǘƛǘƭŜǎΩ ƛƴ ǘƘŜ ǘƻǇƛŎ ŦƛŜƭŘ ǘƻ 

compare modification method popularity. ____________________________________________________99 

Figure 3.3. Schematic figure of various sensors that use diazonium electrografting in their construction and 

ǎŜƴǎŜ όŀύ ŎƻǇǇŜǊ ƛƻƴǎΣ όōύ ƎƭǳŎƻǎŜΣ όŎύ ʰ-fetoprotein, and (d) DNA. In (b) the blue globular protein is GOx, the 

yellow oval is the FAD (flavin adenine dinucleotide) active site, and the hexagon with the blue circle is 

ƎƭǳŎƻǎŜΦ Lƴ όŎύ ǘƘŜ Ǉƛƴƪ ŀƴǘƛōƻŘȅ ƛǎ ǘƘŜ ŎŀǇǘǳǊŜ ŀƴǘƛōƻŘȅΣ ǘƘŜ ōƭŀŎƪ ŘƛŀƳƻƴŘ ƛǎ !Ct όʰ-fetoprotein), and the 

purple antibody is anti-AFP. In (d) the orange line is the complementary appended DNA and the blue line is 

the target DNA. ________________________________________________________________________ 101 

Figure 3.4. (a) Triazene moiety and the general structures of the three sub-classes: (b) linear, (c) cyclic, and 

όŘύ ˉ-conjugated triazenes. ______________________________________________________________ 103 

Figure 3.5. Key triazabutadiene molecules from: (a) the study reporting a one-step substituent tolerant 

synthetic pathway and studies exploring the (b) donor-acceptor, (c) thermal, and (d) pH-dependent 

properties. Me = methyl, iPr = iso-propyl, Mes = mesitylene, Bu = butyl, Bn = benzyl, Ph = phenyl, Bz= benzoyl, 

Ad = adamantyl, Ts = tosyl, nPn = neopentyl, Td = decomposition temperature. 198,199,201 ______________ 104 

Figure 3.6. Key findings from studies on triazabutadienes reported by the Jewett group.201ς209 Labelling icons 

from BioRender. _______________________________________________________________________ 105 

Figure 3.7. Summary of the structural, ligation, and solubility properties of the triazabutadiene probes 

discussed in section 3.1.3.3.213,214 __________________________________________________________ 107 

Figure 3.8. The results of the purification of the TABD-P, sequential dissolutions in ethyl acetate followed by 

centrifugation shows the removal of unreacted TABD as the supernatant becomes more clear. ________ 111 

Figure 3.9. (a) Overlay of the UV-Vis absorbance spectra of P (orange) and the P-TABD before (yellow) and 

ŀŦǘŜǊ όōƭǳŜύ ¦± ŜȄǇƻǎǳǊŜΦ ¢ƘŜ ƎǊŜȅ ŘŀǎƘŜŘ ƭƛƴŜ ǎƘƻǿǎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ˂max. (b)The yellow colour of the TABD-P 

solution disappears after 10 minutes of UV exposure at 365 nm. ________________________________ 112 

Figure 3.10. Bode plots showing 16 sequential measurements of unmodified SPEs with varying working 

electrode materials in buffer. The materials studied were: (a) carbon supplied by BVT, (b) carbon supplied by 

Eluceda), (c) gold supplied by BVT, and (d) ITO supplied by BVT. The grey dashed line in (b) is an equivalent 

single measurement taken on a different Eluceda carbon SPE. EIS measurements were performed in the 

presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium 

chloride) with the following parameters: t(equilibration) = 180 s, EDC = 0.230 V vs. Ref, EAC = 10 mV, f = 0.05 Hz ς 

10 kHz (10 datapoints per decade). ________________________________________________________ 114 

Figure 3.11. (a) Resultant Nyquist and Bode plots of bare, B, (lighter colours) and polymer-modified, TABD-P, 

(darker colours) showing experimental data (points) and the computational fitting (lines) to the circuit given 
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in (i) following electrografting on C-SPEs. EIS measurements were performed in the presence of 10 mM 

K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following 

parameters: t(equilibration) = 180 s, EDC = 0.230 V vs. Ref, EAC = 10 mV, f = 0.05 Hz ς 10 kHz (10 datapoints per 

decade). (b) Corresponding electrograft for each electrode. CVs were collected by scanning between -0.1 to -

0.8 V vs Ag covered in AgCl at 20 mVs-1 for 5 scans. Rs = solution resistance, Rct = resistance to charge 

transfer, ZW = Warburg element, and Q and Ŭ are the parameters used to model a constant phase element 

(CPE). ________________________________________________________________________________ 117 

Figure 3.12. (a) Resultant Nyquist and Bode plots of bare, B, (lighter colours, fitted to circuit(i)) and polymer-

modified, P, (darker colours, fitted to circuit (ii)) showing experimental data (points) and the computational 

fitting (line) following electrografting on Au-SPEs. EIS measurements were performed in the presence of 10 

mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the 

following parameters: t(equilibration) = 180 s, EDC = 0.230 V vs. Ref, EAC = 10 mV, f = 0.05 Hz ς 10 kHz (10 

datapoints per decade). (b) Corresponding electrograft for each electrode. CVs were collected by scanning 

between -0.1 to -0.8 V vs Ag covered in AgCl at 20 mVs-1 for 5 scans. Rs = solution resistance, Rct = resistance 

to charge transfer, ZW = Warburg element, and Q and Ŭ are the parameters used to model a constant phase 

element (CPE). _________________________________________________________________________ 119 

Figure 3.13. 2D scatter plots showing correlations for circuit parameters used to infer parameter 

distributions from 4 carbon electrografting studies. The diagonal represents the 1D histograms for each 

parameter showing the distribution of the fitted values. The MCMC used to generate these chains was run 

for 10000ל samples, with the first 3000 discarded as burn-in. Rs = solution resistance, Rct = resistance to 

charge transfer, ZW = Warburg element, Q and Ŭ are the parameters used to model a constant phase 

element, and ̀ м ŀƴŘ ˋн ŀǊŜ ƴƻƛǎŜ ǇŀǊŀƳŜǘŜǊǎΦ _______________________________________________ 120 

Figure 3.14. A comparison of wɏct for (a) UV control experiments where bare (purple square, n=16), no UV 

(lime circle, n=7), and TABD-P (orange triangle, n=11) were compared and (b) electrografting comparison 

where chronoamperometric (pink diamond, n=5) and voltammetric (dark blue hexagon, n=4) were 

compared. The dark grey bars show the population standard deviation for each set of experiments. Inset: 

triazabutadiene structure with the mesityl groups capable of -̄ˉ ǎǘŀŎƪƛƴƎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƭƛƳŜΦ ________ 121 

Figure 3.15. Nyquist (left) and Bode (right) plots for both a bare (purple) and polymer-incubated (green) C-

SPE. EIS measurements were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 

mM sodium phosphate, 233 mM sodium chloride) with the following parameters: t(equilibration) = 180 s, EDC = 

0.200 V vs. Ref, EAC = 10 mV, f = 0.1 (for C-P) and 1 (for bare) Hz ς 10 kHz (10 datapoints per decade). __ 122 

Figure 3.16. Voltammograms showing the interference from an oxidative peak at around 50 mV. Inset: 

Cropped time course voltammograms showing the change in peaks as the surface click reaction progresses. 

SWV measurements were taken between -0.1 (Estart for oxidative sweep) and 0.4 (Estart for reductive sweep) V 

vs Ref, with an amplitude of 10 mV and a frequency of 2 Hz. ____________________________________ 123 

Figure 3.17. Time course voltammograms showing the change in reductive peaks as the surface click 

reaction progresses. SWV measurements were taken between 0.4 and -0.1 V vs Ref, with an amplitude of 10 

mV and a frequency of 2 Hz. Every 3rd point is shown on each scatter plot. ________________________ 124 
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Figure 3.18. Scan rate analysis of surface-confined FD-01. Cyclic voltammograms of FD-01 modified SPEs 

cycling between -0.1 and 0.4 V vs Ref at (a) low and (c) high scan rates and extracted peak current plotted 

against both raw and square root of scan rate for (b) low and (d) high potential peak. Data in (c) and (d) 

collected by Lucy Gregg. Two different modified electrodes were used for the two groups of scan rates 

studied. ______________________________________________________________________________ 125 

Figure 3.19. (a) Visualisation of the relationship between Rct value and surface coverage of TABD-P modified 

SPEs, average surface coverage equals 5.201 pmol. (b) Example of the determined surface coverage of the 

FD-01. _______________________________________________________________________________ 126 

Figure 3.20. (a) Resultant Nyquist and Bode plots of bare, B, (lighter colours) and polymer-glycofluoroform 

modified, P-GFF, (darker colours) showing experimental data (points) and the computational fitting (line, 

fitted to (a)(i)) following electrografting on C-SPEs. EIS measurements were performed in the presence of 10 

mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the 

following parameters: t(equilibration) = 180 s, EDC = 0.230 V vs. Ref, EAC = 10 mV, f = 0.05 Hz ς 10 kHz (10 

datapoints per decade). (b) Corresponding electrograft for each electrode. CVs were collected by scanning 

between -0.1 to -0.8 V vs Ag covered in AgCl at 20 mVs-1 for 5 scans. Rs = solution resistance, Rct = resistance 

to charge transfer, and Q and Ŭ are the parameters used to model a constant phase element (CPE). ___ 128 

Figure 3.21. 2D scatter plots showing correlations for circuit parameters used to infer parameter 

distributions from 5 carbon electrografting studies. The diagonal represents the 1D histograms for each 

parameter showing the distribution of the fitted values. The MCMC used to generate these chains was run 

for 10000ל samples, with the first 3000 discarded as burn-in. Rs = solution resistance, Rct = resistance to 

charge transfer, Q and Ŭ are the parameters used to model a constant phase element, and ˋм ŀƴŘ ˋн ŀǊŜ 

noise parameters. ______________________________________________________________________ 129 

Figure 3.22. Extracted Rct parameters for modified TABD-P (orange circles) and TABD-P-GFF (green squares) 

plotted against the time since the first usage of the TABD. The error bars are calculated standard errors 

where n ranges from 2 to 7. The mean Rct value (wɏct) for bare (purple dashed line) C-SPEs is shown for 

comparison.___________________________________________________________________________ 130 

Figure 3.23. Nyquist and Bodes plots for bare (lines) and TABD-P modified (datapoints) SPEs using a TABD-P 

aliquot that had been stored for 374 days. EIS measurements were performed in the presence of 10 mM 

K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following 

parameters: t(equilibration) = 180 s, EDC = 0.200 V vs. Ref, EAC = 10 mV, f = 0.1 (for TABD-P) and 1 (for bare) Hz ς 

10 kHz (10 datapoints per decade). ________________________________________________________ 131 

Figure 3.24. A box and whisker plot showing the variation in the extracted Rct parameters for experiments 

on different bare (purple diamonds, n = 89), TABD-P modified (orange diamonds, n=13), and TABD-P-GFF 

(green diamonds, n=23) C-SPEs. Inset: The same plot for bare (purple circles, n=20) and P-GFF (green circles, 

n=63) Au-SPEs. The limits of the solid box represent the 25th and 75th percentile, the central horizontal line in 

ǘƘŜ ōƻȄ ǎƘƻǿǎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ƳŜŘƛŀƴ ŀƴŘ ǘƘŜ ǳǇǇŜǊ ŀƴŘ ƭƻǿŜǊ ƘƻǊƛȊƻƴǘŀƭ άǿƘƛǎƪŜǊέ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ 

5th and 95th percentiles. The values of these parameters are given in Table 3.3. ____________________ 131 
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Figure 3.25. Resultant Nyquist and Bode plots for a galectin-3 titration experiment showing experimental 

data (points) and the computational fitting (lines, fitted to equivalent circuit in grey box). EIS measurements 

were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 

233 mM sodium chloride) with the following parameters: t(equilibration) = 180 s, EDC = 0.150 V vs. Ref, EAC = 10 

mV, f = 0.05 Hz ς 10 kHz (10 datapoints per decade). Rs = solution resistance, Rct = resistance to charge 

transfer,  ZW = Warburg element, and Q and Ŭ are the parameters used to model a constant phase element 

(CPE). ________________________________________________________________________________ 133 

Figure 3.26. 2D scatter plots showing correlations for circuit parameters used to infer parameter 

distributions from galectin-3 titration experiments on a single electrode. The diagonal represents the 1D 

histograms for each parameter showing the distribution of the fitted values. The MCMC used to generate 

these chains was run for 10000ל samples, with the first 3000 discarded as burn-in. The zoomed inset shows 

the distribution of Rct fits with changing concentration of galectin-3. Rs = solution resistance, Rct = resistance 

to charge transfer, ZW = Warburg element, Q and Ŭ are the parameters used to model a constant phase 

element, and ̀ м ŀƴŘ ˋн ŀǊŜ ƴƻƛǎŜ ǇŀǊŀƳŜǘŜǊǎΦ _______________________________________________ 134 

Figure 3.27. Extracted Rct ΨōŜǎǘ-ŦƛǘΩ Ǉƻƛƴǘ-values from CMA-ES analysis for the 36 galectin-3 titration 

experiments carried out on GFF-modified C-SPEs. Datasets highlighted in orange were early experiments 

conducted over an insufficient galectin-3 range, in green are the six datasets pooled for binding analysis, 

and in yellow were not included in the binding analysis but do show correlation between Rct and [galectin-3].

 _____________________________________________________________________________________ 136 

Figure 3.28. Mean Rct values for the six datasets highlighted in green in Figure 3.27. The error bars represent 

ǎǘŀƴŘŀǊŘ ŜǊǊƻǊǎ ǿƘŜǊŜ ƴҐс ŦƻǊ ŀƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŜȄŎŜǇǘ лΦллм ˃Ǝ Ƴ[-1 where n=3. __________________ 137 

Figure 3.29. Combined datasets from six different TABD-P-GFF modified C-SPEs titrated against galectin-3. 

The y-axis is a logarithmic value representing the proportion of bound species and the dataset is fit to a 

straight line (green dashed line, equation shown on plot) to enable determination of Kd, as described in the 

text. Inset: chemical structures of GFF (green). The datapoints represent the average values from the 

combined datasets, while vertical error bars represent the standard error (where n=6 for all concentrations 

ŜȄŎŜǇǘ лΦллм ˃Ǝ Ƴ[-1 where n=3). _________________________________________________________ 139 

Figure 3.30. (a) Hill Langmuir analysis for the glycofluoroform (green squares) and the control sugar (blue 

circles) with corresponding structures shown. (b) The upper and lower bounds shaded for the 

ƎƭȅŎƻŦƭǳƻǊƻŦƻǊƳΩǎ όƎǊŜŜƴύ ŀƴŘ ŎƻƴǘǊƻƭ ǎǳƎŀǊǎΩǎ όōƭǳŜύ ǊŜǎǇƻƴǎŜ όʃ) over the galectin-3 concentration range of 

0.01 to 10 µg mL-1. _____________________________________________________________________ 140 

Figure 3.31. Fluctuations in signal strength of a modified electrode incubated in HEPES buffer (structure 

shown on the graph) over 200 minutes (grey triangles) compared to the change on galectin-3 incubation of 
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Chapter One: Sugars in sensing ð Targeting galectin -3 

with glycofluoroforms  
A biosensor is a self-contained integral device which is capable of detecting the presence 

of a specific analyte via the transduction of an analyte-bioreceptor binding event (Figure 

1.1).1,2 Generally, biosensing devices are aimed at determining the concentration of an 

analyte in solution and have applications in medical, environmental, food, pharmaceutical, 

and biotechnological industries.3 Biosensing is utilised on a variety of scales: population 

diagnostics (regular measurements of large samples often applied in food and agriculture), 

point -of-care (fast measurements of individual samples often applied in medicine and 

security), and single-cell diagnostics (monitors biological phenomena at a cell level, applied 

in molecular biology).4 This thesis explores the potential of developing a new biosensor for 

galectin-3, a reported biomarker for several diseases. The longer-term application of such 

work would be in point -of-care diagnostics. With an aging population, emerging novel 

diseases, and increasing antibiotic resistance, progression in diagnostics is clearly crucial. 

The global point -of-care market was estimated at £35.4 billion in 2024 and is expected to 

reach £50.7 billion by 2030;5 advancements in this area clearly have immense potential in 

terms of patients and profits. This introduction seeks to present the common biorecognition 

elements observed in the literature, contextualise the biological background of sugars and 

galectins, and establish the reason galectin-3 and glycofluoroforms are a valuable target 

analyte and biorecognition element for the development of bi osensors.  

1.1. Biorecognition elements 
In the literature, the biorecognition elements (BREs) encountered include antibodies, 

ssDNA/aptamers, enzymes, phages, cells and nanomaterials. Antibodies, DNA and enzymes 

are the most common,6 whereas nanomaterials are considered a ônewõ BRE.1,7 Antibodies are 

affinity -based biorecognition elements relying on the strong interactions between antigens 

and antibodies. These sensors are often called immunosensors. They can be label-free where 

the formation of antigen -antibody complex is directly observed, typically for large analytes 

like cells and proteins,8 or an unnatural label, e.g. a dye or fluorophore, can be introduced 

to the antibody to allow for observation of binding. 1 Advantages of using antibodies are the 

high specificity and high affinity of the antibody to the antigen on the analyte. 9 

Disadvantages include that they must be biologically produced which requires intensive 

purification and results in batch-to-batch variations, and the fact that antibodies are 
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susceptible to denature due to high sensitivity to environmental conditions including ionic 

strength and temperature.1,6  

Aptamers are single-stranded nucleic acids.1 They can be designed to be the 

complementary strand of a nucleic acid analyte, capturing the analyte via hybridisation, or 

designed for non-nucleic acid targets where the presence of the analyte stabilises a specific 

folded conformation of the aptamer. 10 Aptamers are stable over a wide range of 

temperatures and storage conditions, able to be synthesised chemically, less expensive than 

antibodies, and suited to a wide range of analytes.1,6,9 However, aptamers are influenced by 

environmental conditions such as temperature and pH, prone to degradation in biological 

fluids, and aptamers are discovered through the screening of random libraries, so optimal 

aptamers may not actually be found depending on what initial aptamers are generated in 

the library.9,11  

Enzymes have multiple modes of action depending on the interaction between the enzyme 

and the analyte. This can be monitoring: (i) the consumption of analyte by the enzymeõs 

catalytic action, (ii) the inhibition of the enzyme by the analyte, or (iii) alteration of the 

enzymeõs biophysical characteristics.1 Enzymes are suited to many transducers due to the 

variety of products of enzyme-catalysed reactions which include protons, electrons, light, 

and heat.6 They also have a strong binding capacity,  work at mild physiological conditions, 

are reusable for multiple detection events, and are highly specific as they are biologically 

designed to catalyse a single reaction.6,8,9 However, this innate specificity can be a drawback 

as the mutagenesis and assaying involved to alter the native target or improve the binding 

properties of the enzyme are expensive and complicated.1 Other disadvantages include the 

cost and the low stability due to sensitivity to pH, temperature, and humidity. 6  

A wide range of organisms including bacteria, fungi, algae, protozoa, and viruses, are used 

as whole cell BREs by exploiting the innate recognition ability of these microbes.1 Using a 

whole cell removes the need to extract and purify the recognition element. 1 However, they 

typically exhibit lower sensitivity than molecular-based sensors, there is reduced lifetime 

regarding storage due to cell viability, and batch-to-batch variation due to the 

heterogeneity of cells.12  
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Nanomaterials used as BREs exist in a range of geometries, from zero- to three-dimensional 

and spanning from dots and particles, to wires and rods, to layers.1 Therefore, a range of 

binding modes of action exist. Due to the small size of nanomaterials, direct binding of a 

biomolecule generally influences the physical and chemical properties of the biorecognition 

element enabling detection. Additionally, nanomate rials can be used to in combination with 

more classical BREs. This is used to enhance sensitivity, either due to the catalytic effect of 

a nanomaterial on the reaction being studied or due to the increase of surface area and thus 

the increase in presentation of the selected BRE.1 Advantages depend on the selected 

nanomaterials but include high surface area, high electrical and thermal conductivity, and 

high (BRE) carrier capacity. Uniquely, nanomaterials can act as both the recognition element 

and the transducer.1 But, nanomaterials can be toxic and are surrounded by sustainability 

concerns.1 

 

Figure 1.1. Schematic diagram showing the varying components of a biosensor particularly 
highlighting types of biorecognition elements. 

Proteins, nucleic acids, sugars, and lipids are the four major classes of biological 

macromolecules. Therefore, the prevalence of proteins (in the form of enzymes and 

antibodies) and nucleic acids (e.g. aptamers) as bioreceptors is expected and lipids find use 

in biosensors immobilised on surfaces to capture receptors for sensing.13ð15 However, sugars 

are not widely harnessed as bioreceptors.16 With sugars underpinning so much of cellular 

communication and possessing advantages over other biorecognition elements  including 

greater chemical and thermal stability, scalability of chemical synthesis, and being the native 

ligand of many analytes,17,18 they seem like an obvious choice for biorecognition elements.19 

The aim of this thesis will be to explore the utility of a sugar biorecognition element in an 

electrochemical biosensor. 
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1.2. The biological role of sugars and galectins 
Sugars (also commonly referred to as saccharides, carbohydrates, or glycans) are the most 

common and structurally diverse of the molecules found in nature. 20 Monosaccharides, 

single sugar units, form oligo- and polysaccharides in linear and branched arrangements. 

These arrangements are often found incorporated into proteins and lipids to form 

glycoproteins and glycolipids. The arrangement of these conjugates vary between 

organisms, bringing complexity to studying this class of molecule.21 Additionally, within an 

organism, glycan synthesis is influenced by proteins (mainly by lectins, glycosyltransferases, 

and glycoside hydrolases)22 meaning there is spatiotemporal control over the expression of 

glycans. The complex nature and heterogeneity of glycans probably explains the historical 

absence of sugar biorecognition elements in the biosensor literature.21  

However, glycoscience is a rapidly developing field due to the multifaceted roles sugars play 

in biology. In fact, glycans participate in almost every biological process.23 They play a role 

in structure, energy generation and storage, metabolism, adhesion, infection, signalling, and 

recognition.18 Several of these roles and interactions have been exploited in sensing, 

examples include detection of the SARS-COV-2 virus, pathogenic E. coli. strains, and a triple-

negative breast cancer cell line.24ð26 For SARS-COV-2 one of the spike glycoproteins binds 

ŭ,N-acetyl neuraminic acid, a common mammalian sugar. Immobilisation of this sugar forms 

the basis of a lateral flow test for the virus.24 Often E. coli. attach to the host through FimH, 

a domain present on bacterial pili, which has high affinity for mannose.25 MDA-MB-231 is a 

breast cancer cell line with overexpression of mannose receptors on their surface.26 

Therefore, mannose-based sensors can detect E. coli. and MDA-MB-231.25,26  

This thesis is particularly focused on harnessing protein -sugar interactions which are 

involved in signalling, cell adhesion, agglutination, protein folding and the immune 

response.27ð29 The carbohydrate binding proteins integral to these interactions are known 

as lectins.30 These exhibit reversible and non-covalent carbohydrate binding, both in 

solution and on surfaces, with substrates of varying complexity.30,31 Lectins are sub-classified 

into large families primarily based on the structure of their carbohydrate recognition domain 

(CRD), and their carbohydrate binding specificity.32 These cognate (native) ligands include 

glucose, mannose, galactose, N-acetyl-D-galactosamine, L-fucose, and sialic acids (Figure 

1.2).31 Binding at the CRD is mediated by hydrophobic interactions, van der Waals forces, 
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and hydrogen bonding networks. 33 Although lectins can bind oligosaccharides with high 

specificity, they often bind simpler mono - and disaccharides less discriminately. This 

indiscriminate binding can be because lectins possess multiple binding sites for different 

ligands or because a single binding site displays some ôoff-targetõ lower affinity binding to 

a non-cognate ligand.18 This innate non-selective small molecule binding,34 combined with 

the fact that multiple lectins can also bind the same carbohydrate, is a significant barrier in 

the development of carbohydrate receptors for biosensor applications, with only a handful 

of examples of biosensor platforms using carbohydrate-based biorecognition elements in 

the literature.17,35ð43  

 

Figure 1.2. Common cognate ligands of lectins. 

A sub-family that exemplifies these constraints are the galectin proteins. Galectins are a sub-

group of the lectin family ; there are 16 members with 12 being found in humans.44 Despite 

the familyõs small size, the group has numerous native functions within organisms including 

adhesion, inflammation, and signalling, as well as being linked to several diseases.45 These 

numerous disease links, some of which are presented in Table 1.1, highlight the potential 

of galectins as target analytes for sensor development. Galectins are synthesised in the 

cytosol and despite the lack of a signal sequence they are also found in the nucleus and 

outside the cell; this is suggestive of a nonclassical secretion pathway that does not involve 

the Golgi or endoplasmic reticulum .46 This small group of proteins is characterised by a 

conserved ɓ-galactoside binding site. ɓ-galactosides are molecules with a galactose bound 

to another functionality via a glycosidic bond in the Ȃ arrangement, the most common is 
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lactose (Figure 1.3). This means galectinõs primary binding partners include lactose, lactose 

derivatives (such as N-acetyllactosamine, LacNAc), and LacNAc epitopes of glycoproteins. 

These epitopes include several extracellular membrane proteins and are characterised by 

high levels of LacNAc at the glycoprotein surface. Galectins do exhibit some carbohydrate-

independent binding via mechanisms that are not yet fully elucidated.45  

 

Figure 1.3. Structural features ŸŉЮũċĦƣŸƚĲеЮċŰЮĲǂċůƓũĲЮŸŉЮċЮ͏-galactoside sugar. 

The CRD found in galectins contains around 130 amino acids residues and is made up of a 

sandwich of Ȃ-sheets.47 There is a concentration of positive charge around the binding site 

(Figure 1.4(a)) and the key amino acids involved in binding are asparagine, histidine, 

arginine, tryptophan, and glutamic acid.44 The 16 galectin proteins are classified into three 

sub-families (Figure 1.4(b) ), based on the number and organisation of their CRDs: 

prototypes which have one CRD and exist as monomers or dimers; tandems which have two 

CRDs connected by a short peptide sequence; and chimeric which have multiple CRDs due 

to oligomer formation. 48 Galectin-3 is the only chimeric galectin, its N-terminal non-lectin 

domain is high in proline and glycine which enable the oligomerisation.44 As mentioned 

above and demonstrated in Figure 1.4(c) there is high structural similarity between the 

classes which is the main contribution to the non-selective small molecule carbohydrate 

binding observed within galectins.   
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Figure 1.4.(a) The charge surface of a galectin protein with the CRD domain circled in black, (b) 
schematic figures showing the three sub-families of galectin proteins, and (c) overlay of the CRDs of an 

archetypical prototype, tandem, and chimeric galectin protein. The same colour code is used in (b) 
and (c) ш magenta for prototype, orange for tandem, and blue for chimeric. Protein structures are 5H9Q 

(a,c), 3NV1 (c), and 3ZSJ (c) in the PDB and correspond to a galectin-7, galectin-9, and galectin-3 
structure.49ш51 

Table 1.1. Summary of the human galectins, their sub-classification regarding CRD, and the 
conditions where each galectin appears to play a role.  

Galectin  Type52 Associated Conditions  Ref. 

1 Prototypic 

Atherosclerosis, arthritis, cancers (breast, cervical, 

colorectal, head and neck, lung, lymphoma, 

melanoma, neurological, ovarian, and pancreatic), 

infection by HIV-1, inflammatory bowel disease 

(IBD), and pulmonary fibrosis. 

32,44,53ð55 

2 Prototypic 
Cancers (breast, colorectal, gastric, and thyroid) and 

coronary artery disease. 

53,54,56 

3 Chimeric 

Alzheimerõs disease, amyotrophic lateral sclerosis, 

atherosclerosis, cancers (bladder, breast, cervical, 

colorectal, endometrial, gastric, hepatocellular 

carcinoma, lung, lymphoma, melanoma, 

oesophageal, pancreatic, prostate, and thyroid), 

chronic obstructive pulmonary disease (COPD), 

cytokine release syndrome, diabetes, fibrosis (heart, 

kidney, liver, lung, nervous system, and skin), heart 

failure/cardiovascular disease, IBD, infection by HIV-

1, inflammation, obesity, Parkinsonõs disease, 

pneumonia, rheumatoid arthritis, and sepsis. 

32,44,54,55,57ð

59 

4 Tandem 

Cancers (breast, cervical, colorectal, gastric, head 

and neck, hepatocellular carcinoma, lung, 

pancreatic, prostate, and thyroid), diabetes, and IBD. 

44,53ð56 

7 Prototypic 

Cancers (bladder, breast, cervical, colorectal, 

endometrial, gastric, head and neck lymphoma, 

ovarian, neurological, prostate, and thyroid). 

54 
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8 Tandem 

Cancers (breast, cervical, colorectal, gastric, lung, 

melanoma, neurological, and prostate), 

inflammation, and thrombosis.  

53ð56 

9 Tandem 

Cancers (breast, cervical, colorectal, gastric, head 

and neck, hepatocellular carcinoma, lung, 

lymphoma, melanoma, neurological, and 

pancreatic), cytokine release syndrome, multiple 

sclerosis, myocarditis, and pulmonary fibrosis. 

44,53,54,57 

10 Prototypic 
Asthma, esophagitis, periodontis, and various 

eosinophilic diseases. 

44,60 

12 Tandem 
Cancer (pancreatic), diabetes, inflammation, and 

obesity. 

32,54 

13 Prototypic Asthma and COPD. 61 

14 Prototypic Cancer (hepatocellular carcinoma). 54 

16 Prototypic 

Alzheimerõs disease, cancers (breast, lymphomas, 

and myeloid leukemia), preeclampsia, and type 2 

diabetes. 

52 

 

1.3. Galectin-3 in disease  
As seen in Table 1.1, galectin-3 is the member of the galectin family which has been 

associated with the most diseases. This is possibly due to its unique chimeric form which 

enables biological functions exclusive to galectin-3; the formation of a chimeric structure in 

the extracellular space is vital for signal transduction within and between cells, and cell-

matrix communication.62 To-date, the diseases with the most focus on the link to galectin-

3 are prostate cancer, thyroid cancer, and heart failure. Typically, enhanced levels of 

galectin-3 in the cytoplasm is indicative of disease progression, nuclear levels of galectin-3 

do not  show the same relationship, thus the localisation of galectin -3 is an important 

consideration when relating galectin -3 levels to disease.46 Galectin-3 is secreted into 

biological fluids including serum, urine, and saliva; this secretion is increased by injured and 

inflamed cells.44 This means there is the possibility of detecting galectin-3 in these fluids as 

a less-invasive means of diagnosis. In cancer, galectin-3 plays a multi-faceted role. As 

galectin-3 plays a role in cell-cell and cell-matrix adhesion, increased galectin-3 is indicative 

of cancer metastasis. Metastasis is the process of primary tumour cells detaching and 

aggregating elsewhere in the body where galectin-3 aids this adhesion. 46 Additionally, 

through a mechanism that isnõt fully elucidated but is hypothesised to involve the 

phosphorylation of galectin -3 and the stabilisation of the mitochondria, increased galectin-



 

 
36 

3 prevents cell apoptosis, reducing the efficacy of chemo- and radiotherapy.63 Tumour 

growth is also aided by galectin-3 due to its role in angiogenesis (the development of new 

blood vessels).62 

Prostate cancer is one of the most prevalent diagnosed cancers and the leading cause of 

deaths related to cancer in males.64 In the UK, there are over 50,000 cases diagnosed per 

year and prostate cancer is responsible for around 12,000 deaths annually.65 A study 

comparing galectin-3 levels in a control group and a group of prostate cancer patients 

showed a statistically significant increase in galectin-3 in patientsõ sera compared to the 

control group  with an the average level of 0.29 ng mL-1 in cancer patients versus 0.01 ng 

mL-1 in non-cancer patients. Moreover, compared to prostate specific antigen (a common 

prostate cancer diagnostic biomarker) levels in the same subjects, galectin-3 more 

consistently distinguishes cancer and cancer-free patients.66 However, in histological studies 

a decrease in galectin-3 was observed in cancerous tissues versus benign samples.67 While 

further study is needed to fully elucidate the relationship between galectin-3 levels and 

prostate cancer, an alternative biomarker more reliable than prostate specific antigen, which 

struggles with accuracy providing both false -negatives and false-positives,68 could enable 

national screening of this predominant disease.  

In the UK, around 4000 people are diagnosed with thyroid cancer annually.69 The exact role 

of galectin-3 in thyroid tumours is unknown but it is thought to be related to its role in 

regulating the cell cycle and its anti-apoptotic character.70 Expression of galectin-3 is 

significantly higher in malignant thyroid tumours than in benign ones. 70 Many of these 

studies are histological, however one study examined serum galectin-3 levels which were 

found to be 3.04 ± 0.57 ng mL-1 for control patients and 10.22 ± 0.81 and 14.46 ± 0.3378 

ng mL-1 for stage I and II thyroid cancer patients.71 This suggests galectin-3 could be a 

valuable biomarker for thyroid cancer. A new, non-invasive diagnostic method for thyroid 

cancer would be an improvement on the current diagnostic method. Fi ne-needle aspiration 

biopsy, the current method, is painful to the patient causing bleeding and/or swelling and 

is not definitive in all cases.72 

Heart failure affects over 60 million people worldwide and is challenging to diagnose as 

symptoms can be non-specific, physical examination is misleading, and more advanced 

diagnosis techniques are not available in all healthcare facilities.73 Galectin-3 is released by 
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activated cardiac macrophages and initially prevents apoptosis of myocardial tissue, 

however prolonged inflammation, thus galectin -3 expression, results in deposits of collagen 

which form scar tissue in the cardiac ventricle.74 A study looking at chronic heart failure 

found the level of galectin -3 in plasma to be 9.95 ±  2.8 ng mL-1 in patients with heart failure 

and 4.08 ±  1.3 ng mL-1 in the control population. 74 Another study suggests that a level of 

plasma galectin-3 above 17.8 ng mL-1 is associated with a higher chance of hospitalisation 

or death due to heart failure. 75 An aging population and lifestyle factors are likely to increase 

prevalence in what is already a disease associated with high mortality and costs.  

Taken altogether, there is good evidence that it would be medically useful to develop a 

biosensor for detecting galectin -3. 

1.4. Current approaches for targeting galectin-3 
Outside of the sensor field, the traditional methods of detecting galectin -3 include the ELISA 

(enzyme-linked immunosorbent assay), immunohistochemical methods which use dye-

labelled galectin-binding antibodies, a chemiluminescent immunoassay, and classic protein 

analytic methods including flow cytometry and western blotting. 46,76 The disadvantages of 

these methods are that they are time consuming, require sophisticated, expensive 

equipment, a skilled operator, and in some cases are only semi-quantitative.46,76 These 

disadvantages preclude these types of detection methods in point -of-care applications. All 

these methods require antibodies in some way; therefore, it is not surprising that antibodies 

are established in the literature for targeting and sensing galectins. In an example by Primo 

et al., anti-Gal3 antibodies were immobilised onto a gold substrate which had previously 

been modified with graphene oxide and 3 -aminophenylboronic acid. The graphene oxide 

both immobilises the antibody and amplifies the respo nse and the 3-aminophenylboronic 

acid orientates the immobilised antibody to increase recognition efficiency. Surface plasmon 

resonance detected the galectin-3 binding with a detection limit of 2 ng mL -1.73 Another 

example in work by Tang et al., used anti-Gal3 antibodies in a sandwich-type 

electrochemical immunosensor. The capture antibodies were immobilised onto a modified 

glassy carbon electrode, and the detection antibodies were modified with methylene blue. 

Therefore, an electrochemical signal is generated when the methylene blue-modified 

antibodies bind to the captured galectin -3 on the electrode surface; this immunosensor had 

a detection limit of 33.33 fg mL -1.76 
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Biology establishes selectivity in lectin binding through inducing variations in local glycan 

concentration as well as the 3-D presentation and multivalency of the binders.77 Although 

the field of galectin -3 biosensors is still developing,44 these, and other, factors have been 

exploited in a variety of sugar-based binders. Park et al. exploited nanomaterials which, as 

discussed above, enhance the affinity of a ligand due to improving binding geometry and 

increasing the number of binding sites; they showed increased binding sensitivity of 

galectin-3 to galactose when the sugar was conjugated to single-walled carbon nanotubes, 

with the binding range improving to 0.156 ð 0.3125 ug mL-1 from 5 ð 10 ug mL-1
.
78 Dendritic 

molecules are a strategy to exploit multivalent presentation of glycans, similar to that 

observed in biology. Martos-Maldonado et al. synthesised dendritic lactose-ferrocene 

conjugates which enhanced the binding interactions between lactose and galectin-3 due to 

high lactose presentation, and the induced signal because there are multiple ferrocene units 

participating in electron transfer. 79 Strategies designed to increase the presentation of the 

sugar help to increase binding, however, native sugars can undergo enzymatic hydrolysis or 

be recognised by other receptors which complicates the binding response observed in 

complex, unpurified biological samples.80 Unnatural sugars or glycomimetics can alleviate 

these issues. One unnatural sugar used in the literature for galectin-3 sensing is Ȃ-D-

galactopyranosyl-(1-1)-thio -Ȃ-D-galactopyranoside where the oxygen in the glycosidic 

bond is replaced with a sulfur. This molecule retains affinity for galectin-3 binding while 

possessing enhanced stability and specificity.80 

1.5. Glycofluoroforms 

 

Figure 1.5. Introducing fluorine modulates binding, has no steric effect, improves lipophilicity, and 
introduces an NMR tag. Binding modulation reproduced from 77.  
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An emerging solution to the challenge of achieving selective galectin-binding to mono - and 

disaccharides is the use of glycofluoroforms (GFFs).77 Glycofluoroforms are a type of 

unnatural glycomimetic where fluorine atoms are introduced into the carbohydrate scaffold. 

These modifications are generally deoxyfluorinations, the replacement of a hydroxy group 

with a fluorine, however sugar fluorination where a hydrogen is replaced with a fluorine is 

also common.81 Typically mono, di, and tri- substitutions are observed. Generally, 

deoxygenation almost exclusively hinders binding. However, the replacement of a hydroxy 

group with a fluorine has a multitude of effects because the fluorine atom has hydrogen 

bond acceptor capability so only the donor ability is lost on this substitution ( Figure 1.5).81 

Replacing the hydroxy group with a fluorine increases the hydrophobicity of that region of 

the molecule. This will also increase the lipophilicity of a molecule. Additionally, the resultant 

C-F bond is highly polarised as although oxygen and fluorine have similar electronegativities 

fluorine displays a unidirectional effect on the only the carbon atom, whereas the oxygen 

atom displays a bidirectional effect on both the carbon and the hydrogen atoms. 

Importantly, the atomic radii are similar, 1.47 Å for a fluorine versus 1.40 Å for a hydroxy 

group, which has been confirmed by 3-D studies.82 This attractive combination of electronic 

modulation and minimal structural perturbation (a ômolecular editingõ approach) has 

previously been applied in mechanistic and structure-activity relationship studies, as well as 

the construction of targeted probes and tools for structural biology, rational drug design 

and medicinal therapeutics.81,83  

Table 1.2. Library of lacto-N-biose derivatives and details (time, yield, enzyme quantities) of the 
enzymatic synthesis. A colour scale from yellow to pink showing low to high magnitudes of values is 

used. 

Cpd. 

# 
Cpd. Structure  

Time 

/ h  

Yield 

/ %  

m(enzyme 

added) / mg  
Reaction 

volume 

/ mL  BiGalK 
BiGalHex 

NAcP 

15 

  

90 47 10.7 7.8 16.44 

16 

 

144 48 30.8 67.8 10.9 



 

 
40 

17 

 

121 47 11 24.8 10.09 

18 

 

24 39 5 12 13 

19 

 

24 25 5 12 13 

20 

 

36 76 8 25 16.6 

21 

 

114 36 10 47.6 9.21 

22 

 

24 54 16.5 14.4 11.5 

23 

 

24 31 16.5 14.4 11 

 

Recent work with the GFF class of glycomimetics involved the development of librar ies of 

GFFs based on the same carbohydrate scaffold which are capable of selectively binding to 

different protein targets. 77,84,85 In particular, Richards et al. chemoenzymatically synthesised 

a library of nine fluorinated lacto -N-biose derivatives (Table 1.2) and studied the effect of 

fluorination on galectin binding. 84 The use of enzymatic synthesis to build the GFFs allows 

the incorporation of unnatural building blocks while maintaining the desired 

stereochemistry with relative ease over multi-step organic reactions. To produce GFFs, the 

enzymes must tolerate the addition of the fluorine at various points on the carbohydrate 

scaffold. BiGalK and BiGalHexNAcP have been identified as having high activity and 

appropriate promiscuity for these reactions.86,87  

As well as incorporating the fluorine atoms into the carbohydrate scaffold, in the work by 

Richards et al., an azido-propyl tether was also added for subsequent tethering. The native 

and fluorinated sugars were attached to a polymer containing both a strained alkyne handle 

for sugar tethering and a terminal thiol handle for gold nanoparticle attachment. 84 Gold 

nanoparticles are an established platform to assess glycan binding due to their unique 

optical properties and the fact that they require decreased quantities of glycans for binding 
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studies compared to techniques such as NMR or calorimetry.88 The decorated nanoparticles 

(Figure 1.6) were used to study glycan-galectin interactions. This works as in the presence 

of galectin the nanoparticles aggregate due to the galectin-galectin interactions. This 

aggregation results in a red-blue colour shift observed in UV-Vis spectroscopy. For galectin-

3, this analysis revealed compounds 16, 18, 22, and 23 showed higher affinity for galectin-3 

than the native ligand (15). Compound 20 displayed lower affinity and the ligands with a 

fluorine at the 6 -position on the galactose ring (compounds 17, 19 and 21) did not display 

any affinity for galectin -3. Kinetic examination of optical data revealed compound 16 also 

showed preferential binding kinetics. Further experiments using dynamic light scattering 

and biolayer interferometry confirmed these conclusions.  

This therefore shows that compound 16, 3FGal-Ȃ(1,3)-GlcNAc, could be an attractive 

molecule to use as a BRE for a galectin-3 sensor. The selectivity of this ligand was evaluated 

by studying binding to galectin -7; an 8-fold decrease in binding affinity for observed. To 

quantify these differences apparent Kd values were calculated. When probing the binding 

between galectin-3 and the native ligand (15, Gal-Ȃ(1,3)-GlcNAc) and GFF 16, Kd was 

calculated to be 15.9±0.6 nM and 6.0±0.7 nM, respectively. Whereas, for galectin-7 the Kd 

for the glycofluoroform increased to 45.1±1.8 nM, showing a lower affinity for this ligand to 

galectin-7.84 Therefore, a highly relevant clinical biomarker, galectin-3, and a suitable BRE, 

3FGal-Ȃ(1,3)-GlcNAc, for this analyte have been identified and this thesis aims to explore 

these in electrochemical biosensing. 
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Figure 1.6. Chemical scheme for the synthesis of the sugar-polymer conjugates and a schematic 
showing the modification of gold nanoparticles (AuNP). 

1.6. Thesis aims 
The overall aim of this thesis is to develop electrochemical biosensors to detect galectin-3 

binding to immobilised glycofluoroforms by examining how the electron transfer behaviour 

of solution -based potassium ferricyanide with the electrodes changes on analyte binding 

(Figure 1.7). 3FGal-Ȃ(1,3)-GlcNAc, a glycofluoroform previously identified to have increased 

affinity for galectin -3, will be immobilised onto an electrode to allow for the first examples 

of using this molecule as a biorecognition element in an electrochemical biosensor platform.  

Chapter two aims to explore the possibility and optimisation of electrochemical 

characterisation and evaluation of the surface modification of screen-printed electrode s 

with polymer -glycofluoroform and the subsequent galectin -3 binding. The 

chemoenzymatically synthesised glycofluoroform will be conjugated to a thiol-terminated 

polymer via strain-promoted azide-alkyne cycloaddition. The resulting conjugate will be 

immobilised onto the electrode via spontaneously formed gold-thiol bonds . The 

modification and binding will be statistically assessed, and electrochemical impedance 

measurements will be used to characterise galectin-3 binding.  

Chapter three will utilise triazabutadienes to explore covalently attaching the polymer -

glycofluoroform to a carbon surface via diazonium electrografting; the covalent 

immobilisation strategy should provide improved sensor performance. The stability, 
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sensitivity, and electrode modification  will be electrochemically interrogated and compared 

to the gold sensing platform.  

Chapter four investigates if the triazabutadiene-mediated electrografting can expand the 

electrochemical transduction toolkit by enabling voltammetric study of galectin -3 binding. 

The ability of Fourier transformed alternating current voltammetry and purely sinusoidal 

voltammetry t o produce a highly sensitive and rapid method of analysis suited for 

commercial applications will be tested. 

 

 

Figure 1.7. Schematic overview of the biosensing platforms examined in this thesis highlighting each 
experimental ĦőċƓƣĲƖѢƚЮŉŸĦƨƚЮƖĲŊċƖĬŔŰŊЮƣőĲЮĤŔŸƖĲĦŸŊŰŔƣŔŸŰЮĲũĲůĲŰƣЮċŰĬЮƣƖċŰƚĬƨĦĲƖЮŸŉЮċЮĤŔŸƚĲŰƚŸƖдЮ

PBD showing galectin-3 ligand binding is 3ZSJ.51 GFF = glycofluoroform, P = polymer, TABD = 
triazabutadiene, EIS = electrochemical impedance spectroscopy, and FTV = Fourier transformed 

alternating current voltammetry.  

NB: The non -sequential numbering of SPEs seen  at points  throughout th is thesis is  

generally  based on day -to-day  experimental numbering . This was to allow the author 

to keep track of parallel experiments  and the absence of numbers in a figure does not 

mean experiments have been omitted just that those SPEs would have corresponded 

to a different class of experiments.  
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Chapter Two: Development of a glycofluoroform-based 

galectin -3 electrochemical assay  
This chapter describes the coupling of a glycofluoroform biosensor platform to an 

impedimetric electrochemical readout to detect the cancer-associated protein  galectin-3. 

The introduction section provides background to electrochemical impedance spectroscopy, 

both the fundamentals of the techniques and its application to biosensing . The results show 

the first example of immobilisation of glycofluoroforms onto electrode surfaces, the 

development of novel and robust titration and impedimetric methods for galec tin-3 

detection, and the usage of Bayesian analysis to monitor experimental reproducibility and 

the uncertainty in applying an equivalent circuit to model the data .  

This chapter is primarily based upon, and is an adaptation of, the paper ôHarnessing 

Glycofluoroforms for Impedimetric Biosensingõ published in Chemical Science in September 

2024. The author of this thesis, Alice R. Hewson, is the primary author and conducted all the 

novel in-lab research as well as writing the manuscript draft of the paper. The other author 

contributions  to the manuscript  were as follows: Henry O. Lloyd-Laney wrote the code used 

by the first author for the CMA -ES and MCMC analysis; Tessa Keenan synthesised, in 

addition to the first author, some components of the chemoenzymatic synthesis; Sarah-Jane 

Richards provided the polymer used in this and the following studies; Matthew I. Gibson 

and Bruno Linclau were (with Martin Fascione) PIs of BBSRC-funded ôChemo-enzymatic 

Production of Specialty Glycansõ project which underpins this work; and Nathalie Signoret, 

Martin A. Fascione, and Alison Parkin are the supervisors of Alice R. Hewson and thus 

provided project direction and manuscript edits  and advice. Throughout this chapter, any 

collaborator contributions are clearly credited.  

2.1. Introduction 
As discussed in chapter one the fundamental components of a biosensor are its target, a 

biorecognition element (BRE), and the transducer. The target and BRE of the 

glycofluoroform galectin -3 detection system developed in this work were identified and 

discussed in chapter one. Therefore, this chapter introduction will focus on reviewing the 

benefits and drawbacks of electrochemical detection methods, with a specific focus on 

electrochemical impedance spectroscopy (EIS) as the transducer method. The fundamentals 
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underpinning EIS will be explained as well as analytical and implementation considerations 

and how it has been utilised in biosensing literature.  

2.1.1. Electrochemical detection methods 

In order to build a successful sensor, following target binding a signal must be generated 

to complete the sensing cascade. As shown in Figure 2.1, a wide variety of physical 

measurement methods including optical, electrochemical, mass-based, pyroelectric, 

piezoelectric, magnetic, and colorimetric have been implemented as transducers in 

biosensing,89ð91 with the three major types being optical, mass-based, and electrochemical.9  

 

Figure 2.1. Schematic diagram showing the varying components of a biosensor particularly 
highlighting types of transducers. 

Optical biosensors detect fluorescent, luminescent or refractive signals using techniques 

such as UV-Vis spectroscopy, surface plasmon resonance (SPR), and fluorescence resonance 

energy transfer (FRET).92 They have high sensitivity, low noise levels, immunity to 

electromagnetic interference, and are easily operated remotely; however, they are both 

fragile and expensive.93 Additionally, as the techniques rely on light -sensitive molecules they 

should be performed in controlled environments following training which precludes them 

from use in areas lacking sufficient healthcare infrastructure.94 Mass-based techniques 

typically use piezoelectric crystals either in a quartz crystal microbalance or surface acoustic 

wave device (QCM or SAW), although sensors using mass spectrometry can also fall into 

this category. These techniques are highly sensitive to miniscule changes in mass and can 

be classed as a òlabel-freeó detection method  because they donõt require any addition of 

photo - or redox-active additives for detection of an analyte . However, they are susceptible 

to mechanical instability and piezoelectric crystals have poor affordability. The drawbacks 

of using electrochemical techniques for sensor signal transduction are: (i) the signals are 
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susceptible to electromagnetic interference; (ii) the electrode surface can be vulnerable to 

fouling  which can lead to a limited shelf life; (iii) devices will require an external energy input; 

and, (iv) depending on the precise electrochemical technique, in some cases a long 

detection time  may be required.95 However, the advantages of electrochemical biosensors 

are numerous including high sensitivity, low production cost, ease of use, simpler 

instrumentation requirements,  fast responses, and that generally little -to-no chemical 

workup is required when testing.3,94,96 All of these advantages make electrochemical 

biosensors suitable for point-of-care diagnostics and healthcare environments with less 

developed infrastructure. In fact, electrochemical biosensors are of particular interest 

because the opportunity exists to interface smart phone devices with very low cost 

electronic circuit boards and screen-printed electrodes (which are affordable and decrease 

required sample volumes)94 to generate affordable potentiostats that can readily upload 

data into the cloud. 97ð99 Indeed, modern diabetic glucose sensors essentially operate on this 

principal, uploading the data from enzyme -based electrochemical monitoring of glucose 

levels direct to a userõs smart phone.100 

As electrochemistry is a broad field with applications beyond sensing including mechanism 

determination, electroanalysis, bioelectrochemistry, battery technologies, and corrosion 

studies, a variety of signal measurement archetypes are present in the literature.101,102 In 

general, sensors are either potentiometric, amperometric, voltammetric, conductometric, 

impedimetric or coulometric. 103 In the work described in this chapter, the chosen detection 

method is electrochemical impedance spectroscopy. This is because the application of a 

small amplitude sinusoid ensures no destructive effects within the measurement, there are 

rapid quantitative methods for data analysis, and it  is a well-established method in 

biosensing literature.104,105 In subsequent experimental chapters, a broader range of 

measurement techniques will be explored.  

2.1.2. Electrochemical impedance spectroscopy (EIS) 

Many electrochemical sensing measurements use a three-electrode cell, where the sensing 

process occurs at the working electrode, the potential of the working electrode  (WE) is 

measured relative to that of a reference electrode (RE), and a counter/auxiliary electrode 

(CE) balances the current flow (Figure 2.2(a)). There are two main configurations used in 

electrochemical biosensing experiments, either (i) a ônon-faradaicõ set-up, where there is no 
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formal electron transfer process, and instead just the charging of the electrode-electrolyte 

interface is probed (i.e. all current is so-called ônon-faradaicõ current); or (ii) a ôfaradaicõ set-

up, where the electron transfer to/from a redox -reactive reagent is probed, and therefore 

both non -faradaic and faradaic current contribute to the experimental measurements. A 

faradaic set-up is more commonly encountered, presumably because the theory around 

modelling faradaic electron transfer is highly developed,102 and because non-faradaic 

electrochemical impedance biosensors require measurements at low frequencies and these 

are significantly impacted by high electrochemical impedance and resulting leakage 

currents.106 Additionally , non-faradaic EIS typically has lower sensitivity as capacitance 

changes are small and often indistinguishable from non-specific binding interactions or 

from the changes due to molecules being trapped at the electrode surface during binding 

events.107 Therefore, in this work only faradaic EIS is used.108 The aim of this chapter is to use 

EIS to detect galectin-3 binding to a glycofluoroform ; because both of these molecules are 

redox-inert, the experiments in this chapter are run by spiking the buffer solution with a 

chemical redox-active probe, as illustrated in Figure 2.2(a). This is a common approach in 

the electrochemical biosensing literature.  
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Figure 2.2. (a) Illustration of an electrochemical cell in a 3-electrode configuration, (b) direct-current 
cyclic voltammogram of a soluble redox reagent, (c) the applied voltage-time and resultant current-
time of an EIS experiment highlighting the phase shift, and (d) the common visualisation of EIS data: 
Nyquist (left) and Bode (right) plots. RE = reference electrode, WE = working electrode, CE = counter 
ĲũĲĦƣƖŸĬĲеЮͦЮӆЮċŰŊƨũċƖЮŉƖĲƕƨĲŰĦǃеЮ ʟӆЮƓőċƚĲЮƚőŔŉƣеЮċŰĬЮüЮӆЮŔůƓĲĬċŰĦĲЮёѡжЮƖĲċũеЮѡѡжЮŔůċŊŔŰċƖǃђд  

Electrochemical impedance spectroscopy (EIS) is a highly sensitive and quantitative method 

that is used to measure and provide mechanistic insight into changes taking place on the 

electrode surface. The technique measures the opposition to current flow, i.e. the 

impedance, in the experimental system. The EIS experiment works via the application of a 

small amplitude sinusoidal voltage-oscillation (Vt) of changing frequency (ȓ) to the working 

electrode, with measurement of the resultant current  (Figure 2.2(c)).104 Practically, this 

involves selecting (i) the midpoint  voltage of the sinusoidal oscillation, often defined as the 

dc-potential (EDC, Figure 2.2(b) ); (ii) the amplitude of the voltage oscillation (typically 10 

mV), V0 in Equation 2.1 but also referred to as the ac-potential (EAC) within EIS instrument 

software; and, (iii) the frequency range of the experiment, which generally spans multiple 

orders of magnitude , with measurements taken at regular logarithmic intervals within this 

range.  
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ὠ ὠίὭὲ‫ὸ, where ‫ Ὢὸ Equation 2.1 

Ὅ ὍίὭὲ‫ὸ ‰  Equation 2.2 
 

 

where: Vt: voltage as a function of 

time (V) 

V0: voltage amplitude (i.e 

EAC) (V) 

ʖ: angular frequency (rad 

s-1) 

 It: current as a function of time 

(A) 

I0: current amplitude (A) t: time (s) 

  : phase shift between V-t and I-t functions (rad)   
 

When EIS is being used to probe an electrochemical cell which contains a chemical redox-

active probe capable of reversible electron transfer, setting EDC to the midpoint potential 

determined by cyclic voltammetry (Figure 2.2(b) ) and allowing an equilibration time 

ensures the system is being probed at equilibrium or steady state.109 The use of a small 

amplitude in the voltage -time oscillation means the electrochemical cell response is 

assumed to be pseudo-linear, i.e., the current response (It) has the same frequency (ȓ) as 

the applied potential but with a phase shift (◖), Equation 2.2 (Figure 2.2(c)(ii) ).110 Compared 

to other electrochemical methods such as cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV), EIS is less destructive to the surface-immobilised biological system 

because the measurement occurs within a narrower potential window.111 Because the 

current at a given frequency is related to processes occurring at timescales of the inverse 

frequency (e.g., f = 10 Hz, t = 0.1 s), EIS measurements also enable facile differentiation 

between faradaic and non-faradaic processes which should enhance the sensitivity of the 

measurement. 

2.1.2.1. Calculating impedance  

The conventional mode of analysis in EIS is to assess the impedance response, where 

impedance (Z) is the ratio of voltage (V) and current (I).112 Impedance can therefore be 

expressed in two key ways: using Eulerõs relationship (Equation 2.3), and in a manner 

analogous to Ohmõs Law (Equation 2.4). The existence of these two equations leads to the 

two most common ways of plotting impedance data, the Nyquist plot and the Bode plot.  

ὤ‫
ὠ‫

Ὅ‫
ὤὩὼὴὮ‰ ὤ ὧέί‰ ὮίὭὲ‰ ὤ Ὦὤ  

ḳὤ Ὦὤᴂᴂ 

Equation 2.3 

ὤ
ὠ

Ὅ

ὠ

Ὅ

ίὭὲ‫ὸ

ίὭὲ‫ὸ ‰
 Equation 2.4 

ȿὤȿ ὤ ὤ  ḳ ὤ ὤ  Equation 2.5 
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2.1.2.2. Nyquist plot  

As shown in Equation 2.3, by considering the ratio of voltage to current at each frequency 

an equation can be derived in which the total impedance, Z, is a complex quantity that is 

expressed in terms of a real component, ZRe, and an imaginary component, ZIm, where j is 

the imaginary number. The Nyquist plot is generated by graphing the real component (ZRe, 

sometimes referred to as Zõ) on the x-axis and the imaginary component on the y-axis (-ZIm, 

sometimes referred to as -Zõõ), where each point on a Nyquist plot is an impedance 

measurement at a single frequency.110 The negative value of the imaginary impedance 

contribution is plotted to allow for easier visualisation as these contributions generally take 

a negative value. The shape of the Nyquist plot is characteristic of the behaviour of the 

electrochemical system under investigation and can be used to determine the contribution 

of individual processes to the total impedance. Due to the importance of the shape of the 

Nyquist plot and the fact impedance is dependent on ◖, Nyquist plots are traditionally 

plotted on orthonormal axes, meaning the x - and y-axes use the same scale. This helps 

visual interpretation of the data and allows for the calculation of the impedance at a specific 

point on the curve (Equation 2.5).113  

2.1.2.3. Bode plot  

Alternatively, as shown in Equation 2.4, impedance can be expressed in terms of the 

magnitude of the impedance, Z0; phase shift, ◖; and frequency, ȓ. An analysis of EIS data 

based on this equation leads to Bode plot(s) which show the logarithm of the total 

impedance (log Z0) on one y-axis, the phase shift (-◖) on a second y-axis, both plotted versus 

the logarithm of the frequency (log ȓ) either on a common x-axis, or two separate stacked 

x-y plots.114 The Bode plot shows how the impedance, and therefore the behaviour of the 

system, changes with frequency.105 In a Bode plot an ideal resistor would have a constant 

phase angle of 0o, an ideal capacitor would have ◖ =-90o and an ideal inductor would have 

◖ = + 90o. Thus, the values of the phase angle show what type of electrochemical behaviour 

dominates as a function of frequency. The concept of modelling an experiment as a sum of 

different circuit elements  is described as òequivalent circuit fittingó, as detailed in the 

following section.  

2.1.2.4. Equivalent Circuit Fitting  

Equivalent circuit fitting is a traditional way of analysing EIS data. It essentially breaks down 

the electrochemical reaction happening at the electrode-solution interface into individual 
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circuit components connected together  to model the whole system.105 Common circuit 

elements encountered in electrochemical impedance spectroscopy modelling  along with 

their mathematical definition, the phase angle the component exhibits, and their frequency 

dependence are presented in Table 2.1. Using an appropriate equivalent circuit model 

allows a simple algebraic solution for Zõ and -Zõõ as a function of the applied frequency and 

avoids the numerical calculation methods required to simulate other types of 

electrochemical data. This rapid analysis method is another reason to favour using an 

impedimetric transducer technique over other electrochemical measurements in 

electrochemical biosensing devices.115  

Table 2.1. Common equivalent circuit fitting elements.102,104,116ш118 

Circuit 

element  
Symbol  Mathematical definition  

-Phase 

angle  / o 

Frequency 

dependent?  

Resistor R ὤ Ὑ 0 U 

Inductor L ὤ Ὦ‫ὒ -90 V 

Capacitor C ὤ ρ
Ὦ‫ὅ 90 V 

Constant 

phase 

element 

CPE / Q ὤ ρ
ὃὮ‫

 0 ð 90 V 

Warburg 

element 
W 

ὤ „
Ѝ‫
ρ Ὦ

ύὬὩὶὩ „
ὙὝ

ὲὊЍς

ρ

Ὀὧ

ρ

Ὀὧ

 45 V 

Gerischer 

element 
G ὤ Ὃ

Ὧ Ὦ‫
 0 - 90 V 

 

where: R: resistance (ɋ) L: inductance (H) C: capacitance (F ḳ C V-1) 

 j: imaginary unit ʖ: angular frequency (rad 

s-1) 

A: electroactive area (cm2) 

 ɻ: dispersion coefficient ʎ: Warburg coefficient (ɋ 

s1/2 ) 

R: gas constant (J K-1 mol-1) 

 T: temperature (K) n: no of electrons  F: &ÁÒÁÄÁÙȭÓ ÃÏÎÓÔÁÎÔ ɉ# 

mol-1) 

 DO: diffusion coefficient of 

the oxidised species (cm2 s-1) 

cO: concentration of the 

oxidised species (mol cm-3) 

DR: diffusion coefficient of 

the reduced species (cm2 s-1) 

 cR: concentration of the 

reduced species (mol cm-3) 

G: Gerischer coefficient (ɋ 

s-1/2 ) 

k: reaction rate (s-1) 

 

The first three circuit elements in Table 2.1 are based on real circuit components whereas 

the following elements donõt exist as single electronic components but have been 

developed as theoretical circuit elements commonly used in EIS simulations because they 
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mathematically describe more complex behaviours that are observed in real electrochemical 

systems.  

Of the simple circuit elements, resistors are components that limit or regulate current flow  

and are used to describe electron transfer across interfaces. Inductors are components that 

resist changes in current and represent magnetic inductance. Capacitors are components 

that store charge and describe non-faradaic charging at an interface. Of the theoretical 

modelled circuit components, the constant phase element (CPE) is an imperfect capacitator, 

i.e. an element that shows a more complex relationship to frequency than an ideal capacitor, 

this is a more accurate description of capacitive behaviour observed in electrochemical 

experimental systems.102,104,109,116ð120 The Warburg element is a CPE where the phase angle is 

constricted to -45o and is used to model any processes where the redox species must be 

transported to an interface via diffusion. Often chemical changes accompany an 

electrochemical change and these chemical processes will alter the overall impedance; the 

Gerischer element is used in equivalent circuit models to account for the EIS response of 

such systems.  

2.1.3. Impedimetric biosensing 

The impedimetric biosensor field has grown rapidly in the 21st century until 2019, as shown 

by Figure 2.3. A 2014 review paper reported the use of different impedimetric biosensors 

to detect 147 target molecules.121 Most impedimetric biosensors are defined as òaffinity-

basedó sensors, meaning the EIS is used to detect surface-based changes to the working 

electrode.122 Affinity -based impedimetric biosensors have been shown to be suited to a 

broad range of biological analytes ranging in size from small biomolecules, such as sugars 

and hormones, to large proteins, such as lectins, immunoglobins, and antibodies, to whole 

cells, and even whole organisms such as E. coli, B. anthracis, and SARS-CoV-2. 121,123ð126  
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Figure 2.3. Numbers of publications and citations relating to impedimetric biosensing over the past 20 
ǃĲċƖƚдЮÑőĲЮƚĲċƖĦőЮƽċƚЮƓĲƖŉŸƖůĲĬЮƽŔƣőЮƣőĲЮťĲǃЮƽŸƖĬƚЮѡŔůƓĲĬċŰĦĲЮƚƓĲĦƣƖŸƚĦŸƓǃѢЮċŰĬЮѡĤŔŸƚĲŰƚŸƖѢЮŸŰЮ

Web of Science. 

For affinity -based impedimetric biosensors using a redox-active probe the Nyquist plot data 

is normally interpreted by reference to the Randles circuit (Figure 2.4). In the Randles circuit 

model, it is assumed that applying a potential between the reference and working 

electrodes leads to the movement of ions in solution, which is governed by a solution 

resistance, Rs, which is controlled  by the solution conductivity and the distance between 

electrodes. The different ions in solution can then generate current via two distinct 

processes. Capacitive (or non-faradaic) current is caused by the charging and discharging 

of the electrochemical double layer at the working electrode -solution interface, i.e. the 

formation of a gradient in the concentration of ions  moving away from the electrode 

surface, modelled in the Randles circuit by a CPE to reflect the non -idealities between the 

observed behavior of real electrochemical systems and a perfect capacitor. The second 

current contribution is faradaic current, the current which arises from an electron transfer 

process between the electrode and a redox active molecule changing oxidation state. 

Faradaic current is therefore limited by  both (i) the rate of electron transfer, represented in 

the Randles circuit by the charge transfer resistance, Rct, and (ii) the rate of diffusion of the 

solution phase redox active species to the electrode, represented by ZW in the Randles 

circuit.121 
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Figure 2.4. (a) The Randles equivalent circuit model to model (b) double-layer arrangement typically of 
solution electrochemistry (simplified representation) where Rs is solution resistance, Rct is resistance 
to charge transfer, ZW is a Warburg element, CPE is a constant phase element, and WE is the working 

electrode.121 

Each of the physical and chemical processes which contribute towards current generation 

(diffusion of different ions, oxidation state change) occur on different timescales, and so 

different regions of the Nyquist and Bode plots (Figure 2.5(a) and (b) ) report on  different  

processes. In the low impedance region of the Nyquist plot (left -hand side) there is a semi-

circle region which reports on processes limited by electron transfer. In the high impedance 

region, there is a linear portion which r eports on diffusion limited processes.105 Moreover, 

the diameter and height of this semi -circle region can be used to qualitatively compare the 

amount of resistance and capacitance in different systems, as seen in Figure 2.5. The Bode 

plot shows how the frequency and magnitude of impedance change with frequency ( Figure 

2.5(b) ). At high frequencies (right-hand side of the plot) the plot is reporting on solution 

resistance so will have lower magnitude and a phase angle close to 0o. In the mid frequency 

region, the plot is reporting on capacitive behaviour with the magnitude  of impedance 

increasing and the phase angle approaching 90o. At lower frequencies the data is reporting 

on the charge-transfer process(es), with a phase angle close to 0o reflecting the frequency 

range of the experiment that is dominated by the resistance to charge transfer and the 

frequency range with a phase angle close to 45o showing where the experimental process 

is under diffusion control. These two parts of the charge-transfer process are less 

distinguishable in the impedance magnitude part of the Bode plot but a slight difference in 

gradient can be observed. Warburg diffusion isnõt always observed as it is not always 

possible to collect data at a sufficiently low frequency.104,109,127,128 The phase portion of a 



 

 
55 

Bode plot is particularly useful in providing information about the surface modification of a 

working electrode . The maximum phase angle gives an indication of the quality of the 

modification ; since -◖ = 90o reflects ideal capacitive behaviour and therefore is indicative of 

a well-ordered and well-packed monolayer. Additionally, shouldering is often most easily 

seen in this plot, this means there are multiple processes with different time constants that 

arenõt fully resolved; the presence of many individual processes is suggestive of inconsistent 

electrode surface modification.  

 

Figure 2.5. Annotated (a) Nyquist and (b) Bode plots representative of the behaviour of the Randles 
circuit, highlighted are different regions of behaviour and how the values of the elements are 

calculated from the Nyquist plot. (c) Schematic diagrams showing the binding of the target analyte to 
the biorecognition element, the simplest response to this binding event is shown in (a) where the 

orange line is the response for no analyte bound and the blue line is the response for analyte bound. Rs 
= solution resistance, Rct ӆЮƖĲƚŔƚƣċŰĦĲЮƣŸЮĦőċƖŊĲЮƣƖċŰƚŉĲƖеЮͦЮӆЮċŰŊƨũċƖЮŉƖĲƕƨĲŰĦǃеЮ9dl = double layer 

capacitance, ZW = Warburg element, CPE = constant phase element, BRE = biorecognition element, 
and CE, WE, and RE are the counter, working, and reference electrodes respectively. 

Simplistically, it would be assumed that adsorption events on the surface of the working 

electrode increase Rct (Figure 2.5(a) and (c)) (and vice versa desorption events decrease 

Rct). Hypothesising that when the affinity complex  between an analyte and a biorecognition 

element on the surface of the electrode is formed, the movement of the spiked solution 

redox probe to the electrode surface is hindered. This causes a corresponding decrease in 

electron transfer rate and results in an increase in electrochemical impedance which is 

quantitatively observed as an increase in Rct.
129 However, depending on the redox probe and 
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the structure of the monolayer this may not be the case. For example, in electrochemical 

biosensors using single-strand DNA or RNA biorecognition elements, desorption of a short 

chain analyte molecule can lead to channels which facilitate electron transfer and decrease 

resistance, but desorption of a long and flexible analyte molecule could induce coils or 

helices that physically block the surface and increase resistance.130 The nature of the redox 

probe and the working electrode surface is also important, with  electrostatic interactions 

between the probe and the surface also playing a key role in determining the EIS response 

of a biosensor.131 For example, detecting the presence of a cationic protein  on an electrode 

surface with a anionic redox probe (e.g. sensing lysozyme with potassium ferricyanide as 

the redox probe) will result in an decrease in Rct as a function of protein concentration 

because the electrostatic attraction between the redox probe and the electrode increases 

as more analyte binds to the working electrode . Therefore in biosensing EIS experiments 

the identity of the  chosen redox probe (potassium ferricyanide is the most common )132 can 

play a crucial role in determining the response of the sensor to analyte because it can 

interact with the monolayer in different ways depending on electron -transfer mechanism, 

electrostatics, and concentration.130,133,134 This shows that while electrochemical impedance 

spectroscopy is a highly suitable detection method, care and consideration is needed when 

implementing the method and analysing the output.  

2.2. Aims 
The role of glycans in biological communication is unexplored in the biosensor field. This 

chapter aims to highlight the utility of glycofluoroforms, unnatural sugar molecule s with 

enhanced galectin-3 selectivity, as biorecognition elements. This chapter aims to combine 

these molecules and electrochemical impedance spectroscopy studies in a novel sensing 

platform. To achieve this several objectives will be explored: 

1. Exploration of the best methodologies for synthesising and determining the purity 

of the glycofluoroform and electrode types to develop the target  sensor. 

2. Usage of electrochemical methods to characterise both bare and modified electrode 

surfaces including monitoring reproducibility and parameter uncertainty by 

equivalent circuit, CMA-ES and MCMC fitting.  

3. Optimisation of the best redox probes to use for titration experiments with regards 

to stability, sensitivity, and experimental ease. 



 

 
57 

4. Comprehensive galectin-3 binding analysis to investigate selectivity and specificity 

of analyte binding to electrode surfaces. Quantification of binding will be explored 

with two binding models to assess the affinity of the immobilised glycofluoroform 

to galectin-3. 

2.3. Results and Discussion 
2.3.1. Successful immobilisation of a galectin -3 detecting glycofluoroform onto 

screen-printed electrodes  

Inspired by a previous study,84 a galectin-3 EIS biosensor was assembled by immobilising 

the glycofluoroform 3F-Gal-Ȃ(1,3)-GlcNAc-N3 (GFF) on a ôthiophilicõ gold SPE (screen-

printed electrode) , using a thiol terminating poly(hydroxyethyl acrylamide) polymer as an 

intermediary platform to maximise display of the ligand on the surface . The polymer was 

supplied by Dr S-J Richards (University of Manchester) and a DBCO (dibenzocyclooctyne) 

strained alkyne incorporated within the polymer could be subjected to strain -promoted 

azide-alkyne cycloaddition (SPAAC)135 to efficiently attach the azide containing GFF prior to 

surface immobilisation, with the polymer intermediary also potentially pa ssivating the 

electrode and beneficially minimising non -specific interactions during  detection of the 

analyte.136 The first steps were to synthesise the glycofluoroform via chemoenzymatic 

synthesis, and determine the best electrodes to utilise for electrochemical studies.  

2.3.1.1. Expression and purification of BiGalK and BiGalHexNAcP  

 

Scheme 2.1. Reaction scheme for the chemoenzymatic synthesis of the fluorinated disaccharide, 
3FGal-ɓ(1,3)-GlcNAc-N3 (GFF). 

The first stage of the enzymatic synthesis (Scheme 2.1) was the expression and purification 

of the two enzymes required: BiGalK and BiGalHexNAcP. BiGalK catalyses the 

phosphorylation of 3F-galactose, a commercially available unnatural (but tolerated) 

substrate. BiGalHexNAcP catalyses the transfer of phosphorylated galactose to a N-

acetylglucosamine acceptor, provided by Dr N. Hatton and J. Fair from the Fascione group 

(University of York), by reverse phosphorylysis.84 Although based on published 

procedures,137,138 as the proteins were overexpressed from freshly transformed cells 
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expression tests were carried out to determine the efficacy and localisation of the 

expression. The plasmids were overexpressed in BL21 DE3 chemically competent cells and 

induced by addition of isopropyl -Ȃ-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of  0.2 mM for BiGalK and 0.1 mM for BiGalHexNAcP. SDS-PAGE was carried 

out on both samples, shown in Figure 2.6. There is clear overexpression for BiGalK (m=45.8 

kDa for the His-tagged protein) 139 in the induced soluble bands at around 45 kDa in Figure 

2.6(a). For BiGalHexNAcP (m=86.5 kDa for the His-tagged protein) 140, Figure 2.6(b) , it is 

less visible due to gel processing issues however there are bands between the 66.2 and 97.4 

kDa in the soluble samples, highlighted by the grey dashed box . This shows the 

transformation has worked and therefore large-scale expression was performed. 

 

Figure 2.6. 12 % SDS page expression gels for (a) BiGalK and (b) BiGalHexNAcP. 

Both proteins were successfully purified by nickel affinity chromatography  as evidenced by 

UV absorbance peaks at 280 nm in the chromatographs and gel bands corresponding to 

the correct molecular weights which are provided in appendix  7.1. Further purification via 

size exclusion chromatography was performed for BiGalHexNAcP, although enzymatic 

activity remains high without full purity . Based on both chromatograms and gels, protein -

containing fractions were pooled, dialysed, and concentrated, the typical yields for both 

proteins were 38 mg L-1 determined by BCA assays. In subsequent syntheses BiGalHexNAcP 

was obtained from a commercial source (Prozomix) and was desalted and concentrated 

before use. 

2.3.1.2. Synthesis and purification of glycofluoroform, 3FGal-ɓ(1,3)-GlcNAc-Pr-N3 

Previously, when synthesising glycofluoroforms using these kinases and phosphorylases, a 

one-pot two enzyme synthetic strategy was employed.84 However, for the target 

glycofluoroform the chemoenzymatic synthesis requires extremely forcing conditions. In the 

library of nine molecules synthesised in the paper investigating galectin binding ,84 four 
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molecules only required a 24-hour reaction time whereas the target  GFF took 144 hours to 

reach a comparable yield. Additionally, it required significantly more of both enzymes: 30.8 

and 67.8 mg of BiGalK and BiGalHexNAcP respectively when the average amounts for the 

other eight sugars were 10.3 and 19.75 mg. When examining the literature regarding the 

non-fluorinated version of the target  sugar, the initial study using a one-pot two -enzyme 

strategy reports a 95% yield (with only a 48 h reaction),87 however when replicated only a 

47% yield was achieved and in another study, albeit with a different kinase, a 68% yield was 

achieved.137,138 This variation shows there are complexities when using these enzymes in 

tandem. One reason is likely to be the difference in pH optima for the two enzymes. 

BiGalHexNAcP works maximally over a narrow pH range of 5.0 to 6.5, whereas BiGalK works 

well above 7.0, reasonably at 6.5, and poorly below 6.5.87 The one pot reaction is carried out 

at pH 6.5 which will limit  BiGalKõs activity and thus the turnover of the reaction . Therefore, 

within the Fascione group the glycofluoroform is preferably synthesised in a two-pot two -

enzyme reaction with each step at a different pH. The first step of the reaction had previously 

been performed on a large scale therefore the crude phosphorylated fluorinated galactose 

(3FGal-1P) was provided to the author by Dr T. Keenan (University of York). Additionally, 

unpublished work within the Fascione group hypothesised the limiting factor for turnover 

was the concentration of the enzymes used and suggested that increasing the reaction 

volume hindered turnover . Therefore, for the second step, two concentrations of the 

BiGalHexNAcP enzyme were tested (10 mg mL-1 and 21.15 mg mL-1) and although the 

reaction was prepared in a single vessel it was aliquoted to circa. 500 ȊL for incubation to 

keep the reaction volume lower.  

To elucidate if the concentration of BiGalHexNAcP plays a role in reaction turnover, and thus 

affects the yield of crude GFF, two reactions (split into aliquots as discussed above) were run 

simultaneously. Equivalent volumes of enzyme were added at each stage, but the first 

reaction used an enzyme stock of 10 mg mL-1 and the second reaction 21.15 mg mL-1. The 

reactions were monitored by thin -layer chromatography (TLC) and liquid chromatography -

mass spectrometry (LC-MS). TLC showed the emergence of a product spot over several days 

and LC-MS chromatographs show the amount of acceptor monosaccharide (peak at ca. 305 

m/z) decreasing relative to the amount of GFF (peak at ca. 469 m/z) over the course of the 

reaction. To track this conversion and to allow the comparison of both reactions the ratio of 
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the peaks associated with the GFF and GlcNAc-Pr-N3, known as the acceptor 

monosaccharide or òAó (because in phosphorylation the acceptor is the non -phosphorylated 

molecule), was plotted against the time of the reaction ( Figure 2.7). Although MS is not 

fully quantitative  (in the absence of internal standards) the conversion rate can be inferred 

based on the peak ratios. The reaction turnover seems to increase slightly with the ôhighõ 

[BiGalHexNAcP] although the error bars suggest this difference isnõt significant. However, 

the reaction turnover is certainly quicker with the higher concentration enzyme. It did 

appear that there was increased precipitation throughout the reaction with the more 

concentrated BiGalHexNAcP which could explain why the turnover isnõt increased further 

and could be due to low reaction volumes limiting solubility . The measure of conversion is 

the ratio of the [M+H] + peaks for the GFF and A, though the [M+Na]+ peaks show a similar 

trend. 

 

Figure 2.7. Reaction progress monitored by positive-mode ESI-LCMS analysis of the enzymatic 
synthesis ĦċƖƖŔĲĬЮŸƨƣЮƽŔƣőЮѡlowѢ (dark grey squares) and ѡhighѢ (light grey circles) concentrations of 

BiGalHexNAcP. The measure of conversion was determined by taking the intensity of the 
[GFF+H]+peak and dividing by the intensity of the [A+H]+ peak in the extracted ion chromatogram. The 

error bars represent standard error where n=3 ŉŸƖЮċũũЮĬċƣċƓŸŔŰƣƚЮĲǂĦĲƓƣЮƣőĲЮΪΥőЮƓŸŔŰƣЮŸŉЮƣőĲЮѡũŸƽѢЮ
[BiGalHexNAcP] dataset where n=2 due to an instrument error. The reactions were incubated at 37 oC 

and contained 100 mM Tris. HCl buffer (pH 6.5), 25 mM crude 3FGal1P, 10 mM GlcNAc-N3, 15 mM 
MgCl2 and BiGalHexNAcP.  

The synthesised disaccharide was purified in a two-step method. First, on a silica column 

eluted along an ethyl acetate-methanol gradient  followed by g el filtration on a BioGel P2 

column in distilled water.  TLC data showed that some acceptor monosaccharide remained 

in the sample after the silica column. The fractions from the gel filtration column showed 
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reasonable separation of GFF and A with the purity varying slightly, earlier fractions contain 

just GFF with negligible A, Figure 2.8(a), with the presence of A increasing in later fractions, 

Figure 2.8(b) , before A becomes the majority with some minor amounts of GFF, Figure 

2.8(c). Based off the MS data, fractions were combined in several batches to try to maximise 

yield without sacrificing purity. The purity of the isolated glycofluoroform was assessed via 

NMR analysis, the 19F, 13C, and 1H NMR data is given in appendix 7.6, and is in line with 

literature data,84 showing the purification of this batch of glycofluoroform  was successful 

and so can be used for electrode modification.  

 

Figure 2.8. Representative positive mode ESI-LCMS data showing the appearance of the 
glycofluoroform (GFF), 3FGal-ɓ(1,3)-GlcNAc-Pr-N3, shown by [M+H]+ and [M+Na]+ peaks at ca. 469 and 
491 m/z (highlighted in green) and the later appearance of the acceptor monosaccharide (A), GlcNAc-

Pr-N3, shown by [M+H]+and [M+Na]+ peaks at ca. 305 and ca. 327 m/z peaks (highlighted in green). 

2.3.1.3. Development of a better measurement of fraction purity  

The repurification of the remaining impure batches containing a mix of monosaccharide and 

glycofluoroform  was attempted by running the BioGel P2 column again with fresh resin to 

see if this achieved better separation as the prior column ran slower than expected. 

Unfortunately, MS analysis showed monosaccharide contamination across all fractions, 

albeit in very small amounts in some fractions. The chromatogram shows a sharp peak at 

around 5 minutes for the purer fractions but as the monosaccharide becomes more 

dominant this peak broadens, shown in Figure 2.9. 
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Figure 2.9. Comparison of the chromatograms (top) and the extracted ion compound spectra (bottom) 
for fraction 162 (left) and 170 (right) showing the increased contamination by the monosaccharide in 

the right compared to the left. 

As the chemoenzymatic synthesis is a lengthy process requiring the expression and 

purification of two enzymes (both  of which require multiday expression and purification ) 

and post-purification the fractions are screened via time-intensive MS it is important to 

isolate as much glycofluoroform per synthesis as possible to make these intensive processes 

worthwhile . To try and salvage some glycofluoroform  from these fractions a more 

quantitative measure of the ratio of the two sugars was needed. Glycans typically donõt 

ionise or vaporise efficiently,20 thus derivatisation with a charged substrate can be 

performed to improve MS quantification. In our experiments frac tion 170, a fraction which 

appeared to have a roughly 1:1 ratio of both sugars (as seen by the similar intensities of the 

ca. 305 and ca. 469 m/z peaks in the bottom-right of Figure 2.9), was reacted with a reagent 

containing an imidazolium tag (iTag reagent). The iTag reagent is charged so easily ionises 

in MS and therefore conclusions made from comparing the peak intensity is more reliable 

when the sugars have been tagged. 

 

Figure 2.10. Chromatograms (left) and extracted ion compound spectra (right) for the acceptor 
monosaccharide (A) and iTag reagent conjugate at 602.30 m/z and the glycofluoroform (GFF) and iTag 

reagent conjugate at 766.35 m/z. 

When examining the results from the i-Tagged fraction, Figure 2.10, the acceptor 

monosaccharide (appearing at 602.30 for the [M]+ peak) is significantly more abundant than 
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the glycofluoroform (appearing at 766.30 for the [M] + peak). In fact, the peak intensities 

have a ratio of around 5:1 showing that the amount of glycofluoroform  present is lower 

than what is indicated in the initial MS analysis. By comparing to the 1:1 ratio in the original 

fractions the untagged glycofluoroform  ionises significantly better than the acceptor 

monosaccharide. Knowing that the tagged MS data is more quantitively reliable , further 

fractions were screened in this manner which allowed another 1.1 mg of glycofluoroform to 

be isolated with appropriate purity , as determined by NMR spectroscopy. This shows the 

advantages of using a more sophisticated fraction screening method. However, the isolation 

of the glycofluoroform is still challenging.  

2.3.1.4. Evaluation of screen-printed electrodes 

Previously, the glycofluoroform galectin-3 binding has been studied with the GFF-polymer 

immobilised onto gold nanoparticles and binding quantification via optical measurements, 

namely UV-Vis spectroscopy and dynamic light scattering.84 However, due to the 

advantages of using electrochemical methods of detection discussed in section 2.1.1 this 

work seeks to examine the same binding relationship but with electrochemical 

measurements. To do this different electrode types and electrode preparation strategies 

and methodologies were evaluated to identify the optimal electrochemical system.  

Commonly, both within literature and the research group, electrochemical stud ies are 

performed using a disc working electrode within a classic three-electrode electrochemical 

cell in a bulk volume of electrolyte solution. 102,141 Screen-printed electrodes (SPEs) are an 

alternative experimental set-up for electrochemical studies and comprise all three 

electrodes printed onto a support, typically made of ceramic or plastic composites. 142 With 

the long-term aim of industrial sensing applications, using SPEs confer certain advantages 

including disposability, high scale of economics, and reduced sample volume whilst the 

working electrode diameter remains a typical size ensuring signal intensity is maintained.112 

To compare a standard disc working electrode to SPEs CV measurements were taken. In a 

CV measurement the potential is first scanned in one direction, e.g. from positive to negative 

potential, and then at a turning point  the potential is then swept in the opposite direction, 

i.e. from negative to positive potential. The current in response to this cycling potential is 

recorded. The peak potentials, the position on the x-axis where the current reaches either 

the oxidative or reductive maxima, inform on the t hermodynamics of the redox reaction. 
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Additionally, as the voltage is scanned at a constant rate, kinetic information can also be 

extracted. Thus, comparing CV responses allows the evaluation of electrochemical activity 

and surface inhomogeneity of the studied electrodes. 

A detailed CV study was performed to compare disc electrodes and screen-printed 

electrodes (SPEs). From the CVs on both electrodes with and without the solution redox 

probe, potassium ferricyanide (K3[Fe(CN)6]), several observations can be made: 

¶ The disc electrodes have lower background redox activity than the SPE as seen by 

comparing the bare scans (dashed lines in Figure 2.11). This background redox 

activity is caused by the gold surface or impurities on the surface showing the disc 

electrode has a cleaner electrode surface. This is likely due to the extensive polishing 

protocol employed before making measurements on disc electrodes, as discussed 

later in this section. 

¶ In the presence of potassium ferricyanide well-defined oxidative and reductive peaks 

are seen for both electrodes. The two sets of scans (absence and presence of 

K3[Fe(CN)6]) are on the same electrode but despite this, the original background 

electrode activity disappears when observing the redox probe. This is suggestive of 

passivation of the electrode surface by the redox probe and implies that measuring 

our system without a redox probe, i.e. via solely capacitance measurements, would 

be challenging. Therefore, electrochemical measurements will take place in buffer 

spiked with potassium ferricyanide. 

¶ The Emid, the midpoint between the oxidative and reductive potentials, varies by 95 

mV. The composition of the redox solution is the same for both measurements, so 

this discrepancy is likely due to the different reference electrodes used: Ag/AgCl (3M 

KCl) for the disc electrode and Ag covered in AgCl for the SPE. The minor difference 

in çE (Eoxidative ð Ereductive), 10 mV, further supports the idea that the underlying redox 

chemistry isnõt changing, only the reference electrode composition. 

¶ Despite the same electrolyte composition (10 mM potassium ferricyanide in 100 mM 

sodium phosphate, 233 mM sodium chloride pH 7.0 buffer), the current is lower on 

the SPE, although it is not decreased to a degree that will hamper the sensitivity of 

thesensing measurements. One reason for the variation is that although the working 

electrode diameters were the same for both measurements the actual 
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electrochemical surface area for both will vary from the theoretical due to differences 

induced by polishing or printing. Also, the inks used in SPE manufacturing are likely 

to be less conductive than the solid materials used in disc electrodes due to additives 

essential for the printing process.143 However, this reduced conductivity will be 

partially mediated by an SPE design that minimises the distance between electrodes.  

 

 

Figure 2.11. Scans for both (a) disc and (b) SPE measurements in the absence (dashed lines) and 
presence (solid lines) of 10mM K3[Fe(CN)6]. The voltage was cycled between 0.9 and -0.6 V at 0.1 V s-1, 

and the supporting electrolyte was pH 7 buffer (100 mM sodium phosphate, 233 mM sodium chloride). 
For (a) the cell was completed with a platinum counter electrode and a Ag/AgCl (3 M KCl) reference 

electrode. For (b) there is a gold counter and Ag covered in AgCl reference electrode on the SPE. 

Table 2.2. Summary of extracted parameters from Figure 2.11 for the two electrode types studied. 
*Reference is V vs Ag/AgCl (3M KCl) for the disc electrode and Ag covered in AgCl for the SPE. 

Electrode 

type  

Potential / mV vs Ref*  

Eoxidative  Ereductive  Emid  çE 

Disc 280 190 235 90 

SPE 190 90 140 100 

 

The lower background redox activity and higher conductivity of the disc electrode is 

attributed to the polished uniform gold surface. This is achieved through an intensive 

polishing protocol. The disc electrodes are first manually polished, then sonicated in water 

followed by ethanol, and finally electrochemically polished in both basic (0.5 M NaOH) and 

acidic (0.5 M H2SO4) solutions. This process takes approximately two hours per electrode 

thus hindering the number of electrodes that can be studied each da y and, in some cases 

(likely due to the age and previous experimental history of the disc electrodes used), is 
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unsuccessful. An example of both a successful and unsuccessful polish is shown in Figure 

2.12. A successful polish (Figure 2.12(a)) is established by observing single (or a single 

major) peak in the oxidative and reductive scans for both polishes, contrastingly for an 

unsuccessful polish multiple peaks, like those seen in the acid polish in Figure 2.12(b) , are 

observed signifying multiple gold environments. Other variations in the CVs recorded 

throughout polishing can be due to differences in electroactive surface area due to polishing 

discrepancies and changes in the distance between the working and reference electrodes, 

although the cell is designed to reduce this latter variation as much as possible. The 

electrochemical polishing protocol was employed on a gold SPE to determine the 

homogeneity of these surfaces and if polishing was viable. Following polishing, the surface 

of the SPE is clearly degraded, inset of Figure 2.12, and stable electrochemical connections 

were not possible proving SPEs are not compatible with electrochemical polishing. While 

this lack of polishing may result in more variation in bare gold SPE surfaces compared to 

gold disc electrode surfaces a polishing protocol could not realistically be employed in a 

commercial setting. Therefore, the incompatibility of SPEs with polishing is not an issue and 

examining these SPEs unpolished is a more realistic experimental system than highly 

polished gold surfaces. 

 

Figure 2.12. Resultant CVs from electrochemical polishing in 0.5 M NaOH (top) and 0.5 M H2SO4 
(bottom) solutions for both (a) successful and (b) unsuccessful gold disc electrode polishes. The 



 

 
67 

voltage was cycled between -1.1 and 0.9 V vs SHE or -0.05 to 1.75 V vs SHE (for base and acid polishes 
respectively) at 0.1 V s-1 for 50 scans. For both the counter electrode was platinum wire. The data in (a) 

was collected with a saturated calomel electrode (3 M KCl) and a correction factor of +0.256 V was 
used to convert to V vs SHE. The data in (b) was collected with a Ag/AgCl (3 M KCl) and a correction 

factor of +0.208 V was used to convert to V vs SHE. Inset:  Visualisation of the SPE surface before and 
after polishing. 

Several repeats of the cyclic voltammetry experiments were performed with different bare 

Au-SPEs (i.e., new, from the packet electrodes) and disc electrodes (both different electrodes 

and the same electrodes polished freshly each time). To assess the variability of the 

electrochemical systems the midpoint potential (Emid) and the current magnitude (çI 

calculated by subtracting Ired from Iox) were extracted and compared, Figure 2.13. These two 

variables were chosen as Emid relates to the thermodynamics and çI is related to electroactive 

surface area, with a larger electroactive surface area resulting in a higher current assuming 

all other factors are constant. For bare electrodes, i.e. the comparison of the bars with lighter 

grey backgrounds in (a) and (b), it can be seen that the bare electrodes have a slightly larger 

variation in Emid for SPEs than disc electrodes and significantly larger variation in çI. This 

shows, as expected due to the lack of polishing the bare SPE surfaces display greater 

electrochemical variation than the highly polished disc electrodes. As the energetics 

displayed by the solution ferricyanide redox probe are consistent throughout the repeats 

this is primarily due to variation in the electroactive surface area. However, whilst the bare 

electrode surfaces should be considered, most of the studies are going to be performed on 

the modified electrode surfaces. 

 

Figure 2.13. Comparison of (a) Emid ċŰĬЮёĤђЮ̓fЮŉŸƖЮĤċƖĲЮёƓƨƖƓũĲЮĤċƖƚЮŸŰЮũŔŊőƣЮŊƖĲǃЮĤċĦťŊƖŸƨŰĬђЮċŰĬЮ
polymer-modified (P) (orange bars on darker grey background) SPE and disc electrodes. The SPEs are 
coloured a darker shade than the disc electrodes. For SPEs the reference electrode was Ag covered in 

AgCl and for disc the reference electrode was Ag/AgCl (3 M KCl). 

To examine the modified electrode surfaces bare electrodes (of both types) were immersed 

in either a 0.32 mM solution of the P (polymer) or P-GFF (polymer-glycofluoroform) and left 
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for 18 ð 24 hours. The P-GFF solution is accessed by carrying out a SPAAC reaction, where 

P and GFF are mixed together in Milli-Q H2O in a molar ratio of 1:1.1 and incubated at room 

temperature overnight, the reaction mixture is used as is for immobilisation studies. Both 

the P and P-GFF aliquots are stored in the freezer in between uses. This incubation allows 

for the formation of self -assembled monolayer of polymer on the gold surface (shown in 

the inset of Figure 2.14) due to spontaneous gold -thiol bond formation between the 

terminating thiol group on the polymer and the gold working electrode surface. The 

formation of the gold -thiol bind is confirmed by CV studies. It can be seen that the çE 

increases on modification, 120 mV for bare versus 472 mV for P-GFF, this along with the 

decreased current magnitude shows that the electron transfer rate decreases on 

modification. This is expected as the solution redox probe will exchange electrons with a 

bare electrode significantly easier than with a modified surface. This hinderance has several 

possible contributions: slower diffusion rate as the redox probe must diffuse through the P -

GFF layer to the electrode, a greater electron transfer distance if the P-GFF holds the redox 

probe further from the electrode, and the P -GFF will make the electrode surface more 

insulating compared to the bare gold metal.  

 

Figure 2.14. Overlay of the first scan from CVs of a bare (purple dashed line) and a P-GFF modified 
(green solid line) gold SPE with Eox and Ered annotated for both surfaces. The voltage was swept 

between 0.9 and -0.6 V vs Ag covered in AgCl at 0.1 V s-1 and the supporting electrolyte was 10 mM 
K3[Fe(CN)6] in pH 7 buffer (100 mM sodium phosphate, 233 mM sodium chloride). Inset: Self-

assembled monolayer of P-GFF on Au. B: bare, P-GFF: polymer-glycofluoroform. 
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The variability of modified electrodes  was also assessed via CV study. The polymer alone 

was used for these comparative studies to conserve the glycofluoroform which is only 

accessible in small amounts following a time-consuming synthesis, purification, and 

isolation. In contrast to bare electrodes, when studying the DCV behaviour of polymer-

modified electrodes, i.e. the comparison of the bars with darker grey backgrounds in Figure 

2.13(a) and (b) , the SPEs display less variation than the disc electrodes. This perhaps 

suggests that the modification is more consistent on the SPEs which could be due to the 

ability to modify two electrodes in the same aliquot of solution ensuring the environmental 

conditions are identical. Alternatively, it could be that the presence of the modification 

passivates the background redox activity of the electrode , which, as found earlier, is larger 

than that of the disc electrode s. This multi-electrode study confirms that  usage of SPEs is 

an appropriate choice to study our electrochemical system. 

Voltammetry techniques are often used as detection methods, either with a simple cyclic 

voltage ramp or a more complex pulse or square-wave ramp; for our system both çE and 

çI appear to be sensitive to modification and therefore are likely also to be responsive to 

changes in analyte concentration. This suggests DCV could be used as a detection method, 

however, an important observation  was made that over continuous scans the current 

magnitude increases and the çE decreases. As shown in Figure 2.15(a) and (b) , for both P 

and P-GFF modified electrodes over subsequent scans Eox and Ered move towards the 

average value for these parameters on bare SPEs. This indicates that the wide voltage sweep 

carried out in a DCV experiment cleaves the gold-thiol bond and thus the CV signal returns 

to that of a bare Au-SPE. This is substantiated by work in the literature which shows that 

applying a negative potential to a gold surface causes reduction of the thiol bonds, a 

process known as electrochemical desorption.144 Further experimental evidence from our 

own studies supports this cleavage via comparison of the Bode plot before and after a 

ôstrippingõ experiment (Figure 2.16) indicates the removal of the immobilised substrate due 

to a large decrease in phase angle. 
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Figure 2.15. 100 mV s-1 ?9éЮѡƚƣƖŔƓƓŔŰŊѢЮŸŉ (a)P and (b)P-GFF modified Au disc electrodes; changes in 
the voltammetric shape arise from electrochemically activated gold-thiol bond cleavage. The voltage 
was cycled from 0.9 to -0.6 V vs Ag/AgCl (3M KCl) at 0.1 V s-1 in a solution of 10 mM K3[Fe(CN)6] in pH 7 
aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride). The dashed lines represent the 

average oxidation (light grey) and reductive (dark grey) peak potentials. 
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Figure 2.16. Simplified Bode plots for P (orange) and P-GFF (green) modified Au-SPEs pre (solid lines) 
and post (dashed lines) ?9éЮѡƚƣƖŔƓƓŔŰŊѢдЮ[ŸƖЮEfÉЮĲǂƓĲƖŔůĲŰƣƚеЮEDC = 0.23 V vs Ref, EAC = 10 mV, tequilibration 
= 300 s, with a frequency range of 10 kHz ш 0.01 Hz for pre-DCV measurements and 10 kHz ш 0.1 Hz for 
post-DCV measurements. The supporting electrolyte was 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer 

(100 mM sodium phosphate, 233 mM sodium chloride). P: polymer, P-GFF: polymer-glycofluoroform. 

2.3.1.5. Electrochemical impedance spectroscopy is a sensitive yet non-destructive 

detection methodology  

As described in the chapter introduction, electrochemical impedance spectroscopy (EIS) is 

an electrochemical method in which a sinusoidal voltage wave oscillating about a set 

voltage at a range of frequencies is applied to the electrochemical system. Crucially, the 

voltage window has a small amplitude, typically 10 mV, thus it will not have the same 

destabilising effect observed in CVs. EIS has two methods of visualisation: Bode and Nyquist 

plots. As shown above, Bode plots show how the phase (and magnitude) of the impedance 

response change with frequency, whereas Nyquist plots show the real and imaginary 

components of the impedance and each point represents a measurement at a singular 

oscillation frequency. Notably, a distinct difference can be observed between the bare Au-

SPE and the P-GFF modified Au-SPE in these three plots (Figure 2.17). Often Bode plots are 

shown with a double y-axis but  in this thesis, they are shown as separate plots for clarity 

due to the fact usually multiple sets of data are plotted on a single plot.  
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Figure 2.17. (a) Nyquist and (b) Bode plots of experimental data (points) and the computational fitting 
(lines) to a modified Randles circuit for EIS measurements of a bare gold SPE (purple) and a P-GFF 
modified gold SPE (green). Inset: Magnified view of the Nyquist plot for the bare gold SPE and the 

modified Randles circuit used in the data analysis. EIS measurements were performed in the presence 
of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) 

with the following parameters: t(equilibration) = 180 s, EDC = 0.16 V for bare 0.230 V for modified, EAC = 10 mV, 
f = 0.05 Hz ш 10 kHz. Every other experimental data point is shown. Rs = solution resistance, Rct = 

resistance to charge transfer, ZW = Warburg element, CPE = constant phase element. 

The larger magnitude of the Nyquist plot  (Figure 2.17(a)) for the P-GFF modified Au-SPE 

relative to a bare Au-SPE indicated that incubation of a Au-SPE in SPAAC P-GFF reaction 

mixture resulted in gold -thiol bond formation, with the presence of the coating on the gold 

surface hindering electron transfer between solution potassium ferricyanide and the 

electrode surface. Numerically, this can be quantified as the change in the electron transfer 

rate, as discussed later.145 As discussed in the introduction and later in this text the diameter 

of the semi-circle correlates to the resistance to charge transfer, in this example the P-GFF 

modified electrodes exhibits a ~20 times larger diameter (2.2 versus 48.2 kɋ). This 

magnitude of change is much larger than the differences observed in DCV, suggesting EIS 

is a more sensitive method for detecting the modification, and thus analyte binding, and  is 

therefore a more suitable detection technique. In the Bode plots, the increase in phase angle 

from ca. 60o to 75o means the electrode is displaying greater capacitive behaviour due to 

the more insulating polymer layer formation. Additionally, the shift to the phase maxima 

occurring at a lower frequency means the dominant electrochemical process (in this case 

the charge transfer) is happening more slowly. In the magnitude plot the transition from 

low to high continues throughout the lower frequencies , showing that the charge transfer 

processes are happening over a longer timescale and flattening out at a higher magnitude , 

indicative of a higher resistance to charge transfer. The similar magnitude at the higher 

frequencies indicates similar solution resistance processes. These electrochemical 
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measurements which are carried out in the presence of solution -phase potassium 

ferricyanide showed the expected response for a solution EIS experiment in the Nyquist plot 

(Figure 2.17),112 namely a semi-circle with a linear region at approximately 45o. This 

indicated that analysis using a modified Randles circuit (Figure 2.17, inset) was appropriate, 

with computational analysis generating a good fit to the experimental data.  

Complementary control experiments replacing the glycofluoroform with a ferrocene 

derivative were carried out to determine the extent of modificatio n and provide further 

evidence of gold-thiol bond formation . An azido-containing ferrocene derivative was 

synthesised and clicked to the thiol-containing polymer and immobilised onto the electrode 

in the same manner as the previous (glycofluoroform-)polymer studies (Scheme 6.3, R = P-

FD-01). A reversible surface-confined ferrocene DCV signal was observed (Figure 2.18(a)) 

and analysed using a third-order polynomial baseline subtraction to isolate the faradaic 

current (Figure 2.18(b) ). The faradaic current must be isolated in order to determine the 

number of ferrocene molecules that are responsible for the faradaic current generation and 

thus the number of molecules immobilised on the electrode. The background response was 

modelled as a third order polynomial . 

 

Figure 2.18. (a) DCV scans for the immobilised P-FD-01 on a Au-SPE and (b) scan 2 with fitted 
polynomial baselines and extracted faradaic peak for both the oxidative and reductive scans shown. 
The voltage was cycled between -0.10 V to 0.40 V (vs Ag covered in AgCl) for 5 scans at a scan rate of 

100 mV s-1. 

Using a one-electron Nernst model , the surface coverage in this experiment was found to 

be 0.350 pmol which is approximately three-fold lower than the estimated monolayer 

coverage, 1.01 pmol. A Nernstian analysis is appropriate as the cyclic voltammetry was 

conducted at a suitably slow scan rate to ensure the electron transfer was under 
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thermodynamic control. It has to be acknowledged that as the peaks arenõt equal in surface 

area it may be thought that the electron transfer isnõt fully reversible, but the same 

asymmetry was observed at even slower scan rates. Therefore, this discrepancy is attributed 

to the simplified method of capacitance subtraction.  The area under the extracted redox 

peaks was calculated via integration in the units A V, this is divided by the scan rate (0.1 V 

s-1) to calculate the charge passed. This is converted to immobilised coverage by dividing 

by Avogadroõs constant and into surface coverage by considering the area of the working 

electrode. This is detailed in Table 2.3. The areas for the oxidative and reductive scans were 

averaged to account for under or over -estimation of peak size due to the simplified 

background subtraction process. To compare this to a maximum coverage value the 

molecular footprint of the polymer  was estimated based on Chimera modelling (Figure 

2.19). If the polymer ôfootprintõ is considered to be circular the diameter of the polymer can 

be calculated as 24.38 Å by approximating the extreme points as an isosceles triangle. The 

geometric surface area of the working electrode is approximately 0.03 cm2 so assuming 

hexagonal lattice packing (90.7%),146 a monolayer polymer coverage can be estimated as 

1.01 pmol, or 32.3 pmol cm-2. 

 

Figure 2.19. Predicted 3-D polymer structure and calculated distances (from Chimera) and a 
schematic showing how an estimated diameter and packing efficiency can be used to calculate a 

maximum surface coverage estimate. SAM: self-assembled monolayer. 
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Table 2.3. Surface coverage extracted for immobilised FD-01 for oxidative and reductive scans. 

Parameter  Oxidative Scan  Reductive Scan 

Extracted peak area / A V  4.42 x 10-9 2.34 x 10-9 

Charge passed / C 4.42 x 10-8 2.34 x 10-8 

Immobilised FD -01 / pmol  0.458 0.243 

Surface coverage / pmol cm -2 14.6 7.72 

Average immobilised FD -01 / pmol  0.350 

Average surface coverage / pmol cm -2 11.2 
 

Since the polymer structure is consistent, and the gold-thiol bond formation chemistry will 

be unchanged, we also interpret the ferrocene measurements as providing a proxy 

measurement of the coverage of GFF on the electrode surface. Other control experiments 

also indicate non-ideal, sub-monolayer formation . 

2.3.2. Exploration of reproducibility with statistical methods reveals electrode -to-

electrode variation  

EIS experiments comparing bare and P-GFF modified electrodes were repeated extensively 

(Figure 2.20), the P modified electrodes were also studied but with fewer repeats (n = 5), 

the raw data and experimental fits are provided in appendix 7.2. The Nyquist plots showed 

substantive variation within the P-GFF dataset that is not present in the bare Au-SPE dataset. 

This variation could not be reduced by careful control of experimental conditions. Even 

construction of a specialised tank (3-D printed by A. Robertson, University of York) to enable 

the simultaneous immersion of eight SPEs in a single aliquot of SPAAC P-GFF reaction 

mixture (Figure 2.20(c)), with agitation to ensure solution homogeneity, identical 

temperature, concentration, and incubation time, still resulted in a large variation in Nyquist 

response (Figure 2.20(a)). From this data, we concluded electrode modification was 

inconsistent, which is unsurprising considering extensive pre-modification mechanical and 

electrochemical polishing is necessary to achieve highly consistent self-assembled Au-thiol 

monolayer formation on gold disc electrodes.147 Such extensive cleaning of the gold surface 

is not possible when using Au-SPEs (as shown in Figure 2.12(inset) ). 
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Figure 2.20. (a) Nyquist plots of experimental data (dots) and the computational fitting to a modified 
Randles circuit (line) for EIS measurements of eight P-GFF Au-SPEs modified simultaneously. (b) 

MCMC analysis of the data in Figure 2.20(a). The same colour code is used to distinguish between the 
separate electrodes. The uppermost plots (along the top diagonal) comprise 1-D histograms (y-axis is 

frequency) for each parameter used in equivalent circuit fitting (see x-axis labels), showing the 
distribution of the best-fit values for multiple analysis runs for each individual SPE. The 2-D scatter 

plots show correlations between parameters. (c) Pictures of the tank used for simultaneous Au-SPE 
modification. (d) A box and whisker plot showing the variation in the extracted Rct parameters for 

ĲǂƓĲƖŔůĲŰƣƚЮŸŰЮĬŔŉŉĲƖĲŰƣЮѡĤċƖĲѢеЮŔдĲдЮƨŰůŸĬŔŉŔĲĬеЮ ƨ-ÉÂEЮёƓƨƖƓũĲеЮŰЮӆЮΥΣђЮċŰĬЮĬŔŉŉĲƖĲŰƣЮѡÂ-][[ѢЮůŸĬŔŉŔĲĬЮ
Au-SPEs (green, n = 63) following equivalent circuit fitting to the large datasets shown in Figures S4 and 

S5.The limits of the solid box represent thĲЮΥΨƣőЮċŰĬЮΪΨƣőЮƓĲƖĦĲŰƣŔũĲЮёΤдάЮċŰĬЮΧдΣЮţ̌ЮŸƖЮΥΣдΫЮċŰĬЮΧΧдάЮ
ţ̌еЮŉŸƖЮĤċƖĲЮċŰĬЮÂ-GFF respectively), the central horizontal line in the box shows the position of the 
ůĲĬŔċŰЮёΦдΣЮŸƖЮΦΤдΪЮţ̌ђЮċŰĬЮƣőĲЮƨƓƓĲƖЮċŰĬЮũŸƽĲƖЮőŸƖŔǍŸŰƣċũЮџƽőŔƚťĲƖѠЮũŔŰĲƚЮƖĲƓƖĲƚĲŰƣЮƣőĲЮΨƣőЮand 95th 
ƓĲƖĦĲŰƣŔũĲƚЮёΤдΣЮċŰĬЮΩдΤЮţ̌ЮŸƖЮΨдΨЮċŰĬЮΪάдΤЮţ̌ђдЮEfÉЮůĲċƚƨƖĲůĲŰƣƚЮƽĲƖĲЮƓĲƖŉŸƖůĲĬЮŔŰЮƣőĲЮƓƖĲƚĲŰĦĲЮŸŉЮ
10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with 
the following parameters: t(equilibration) = 300 s, EDC = 0.160 V vs Ref, EAC = 10 mV, f = 0.1 Hz ш 10 kHz. 

Rs = solution resistance, Rct = resistance to charge transfer, ZW = Warburg element, Q and Ŭ are the 
parameters used to model a constant phase element, and ͠1 and ͠ 2 are noise parameters.  

The Nyquist plots of the dataset comprised of eight simultaneously modified Au -SPEs all 

exhibit significant variation from one another (Figure 2.20(a)) but could all be well modelled 

by the same modified Randles circuit. This suggests a single electron charge transfer 

environment is present on the electrode but to different extents. It is established that there 
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can be variability in electrode printing, contaminants present in the ink, and non -ideal 

surfaces formed in the screen-printing process.148,149 As gold-thiol immobilisation is 

dependent on the gold surface oxidation and atomic arrangement, 150 the surface variation 

between SPEs means gold-thiol bond formation occurs to different extents resulting in the 

variations observed in EIS experiments. As established, there is no pre-treatment possible 

for these electrodes which could alleviate some of this variation (Figure 2.12(inset) ). For 

the CMA-ES (covariance matrix adaptation-evolution strategy) fitting it was explored 

whether it was best to fit to the Nyquist or Bode portion of the data and if the Warburg 

element should be replaced with a second constant phase element (CPE). This is detailed in 

appendix 7.3, our studies found itõs best to use a one CPE circuit and fit to the Bode portion 

of the data, thus we have used this throughout the work. To explore if there were any 

underlying trends in the best fit parameters, we conducted a MCMC (Markov chain Monte 

Carlo) analysis to generate posterior fitting distributions that represent the different 

equivalent circuit model parameters that can give a òbest-fitó to the experimental data 

(Figure 2.20(b) ). Within this, we observed the expected correlation between Q and Ŭ, the 

coupled parameters which together constitute the constant phase element (CPE) used to 

model double -layer capacitance (diagonal lines in the scatter plot with Q on the x-axis and 

Ŭ on the y-axis).116 However, the plots showing the frequency distribution for each best fit 

parameter (the uppermost graphs within Figure 2.20(b) ) reveal no clear trends in the 

electrode-to-electrode variation; i.e. the ordering of the best fit parameter values with 

respect to the SPE number (essentially the colour bar code) is different from one parameter 

frequency distribution to another, meaning  there is no clear underlying synergistic trend in 

the way one parameter changes versus another. Alternatively, this lack of pairwise parameter 

compensation can also be seen by the fact that there is no clear trend in how one parameter 

value changes relative to another in the 2 -D scatter plots where one equivalent circuit model 

parameter is on the x-axis, and another is on the y-axis. Thus, the Rct value of a GFF-modified 

Au-SPE cannot be normalised with respect to another parameter to enable the trivial 

correction for variation in the dataset. This means it will be crucial to be able to measure 

multiple galectin -3 concentrations on the same modified electrode. 
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Ὑ
ὙὝ

ὲὊὍ
 Equation 2.6 

Ὅ ὲὊὃὯ Ὓ Equation 2.7 
 

where: Rct: charge transfer resistance 

(ɱ) 

R: gas constant (J K-1 mol-1) T: temperature (K) 

 n: number of electrons F: Faraday constant (C mol-1)  I0: equilibrium current (A)  

 A: electrode surface area (cm2) kapp: apparent electron transfer 

rate constant (cm s-1) 

[S]: redox probe concentration 

(mol cm-3)  
 

Since most EIS biosensors are assayed in a manner which correlates change in the charge 

transfer resistance (Rct) with target analyte concentration, 13 the variation in the extracted Rct 

parameters from all the unmodified and P-GFF modified Au-SPEs datasets (appendix 7.2) 

were compared (Figure 2.20(d) ). The 11-fold increase in the average Rct for the bare 

electrodes (3.1 kǺ) versus the P-GFF dataset (34.2 kǺ) is equivalent to a 11-fold decrease in 

the apparent ferricyanide electron transfer rate constant, kapp, of 2.7 µm s-1 versus 0.2 µm 

s-1.102,145 This is calculated as described in Equation 2.6 and Equation 2.7. First, charge transfer 

resistance is translated into equilibrium (exchange) current (the current flowing when an 

electrode reaches dynamic equilibrium in an electrolyte meaning no net redox processes 

are occurring) in Equation 2.6, which can be converted to an apparent electron transfer rate 

constant in Equation 2.7. The observed variation between P-GFF modified electrodes was 

substantive, and this means it is non-trivial to compare repeats across multiple electrodes 

in experiments described later.  

However, it is notable that this variability does not change as a function of the age of the 

SPAAC P-GFF reaction mixture (Figure 2.21(a)), with no correlation between Rct and the age 

(days post click reaction) of the SPAAC P-GFF reaction mixture. This dataset is comprised of 

extracted Rct values from different Au-SPEs modified with the same aliquot of SPAAC P-GFF 

reaction mixture and demonstrates the remarkable stability of the P-GFF conjugate, which 

yields self-assembled monolayers over an approximate 10-month time scale despite 

multiple freeze-thaw cycles. In addition, the formation and stability of the P -GFF conjugate 

was confirmed by comparison with the EIS response for Au-SPE modified with thiol-polymer 

only (Figure 7.7). In these ôGFF-freeõ control experiments a significantly larger Nyquist 

response is observed for the ôpolymer-onlyõ dataset (average Rct = 89.4 kǺ), showing the 

linkage formed between the P and GFF during the SPAAC reaction is stable. The difference 

between the two modifications  is attributed to differences in the interactions of the 

solution-based ferricyanide with polymer versus polymer-glycofluoroform; the anionic 
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charge of the Fe(CN)6
4-/3- redox couple makes it highly sensitive to changes in electrode 

surface electrostatics.151 The difference between the control experiment data and data from 

the modification of different Au -SPEs with a single P-GFF aliquot (Figure 2.21(a)) supports 

our assertion that the glycofluoroform modified polymer is stable over a prolonged 

timescale. To further assist in the visualisation of differences between datasets, Figure 

2.21(b)  presents an overlay of the distributions of Rct values from repeat experiments 

analysing bare Au-SPEs, the full P-GFF dataset (both from Figure 2.20(d) ), the subset of P-

GFF experiments carried out across many different days using the same polymer-

glycofluoroform solution to modify the electrode ( Figure 2.21(a)), and polymer-only 

control experiments (Figure 7.7).  

 

Figure 2.21. (a) Extracted Rct parameters (green dots) for individual P-GFF modified Au-SPEs plotted 
against the age of the P-GFF conjugate solution showing no correlation in Rct over time. The mean Rct 

values (ÅԜctђЮŉŸƖЮĤŸƣőЮĤċƖĲЮёƓƨƖƓũĲЮĬċƚőĲĬЮũŔŰĲђЮċŰĬЮƓŸũǃůĲƖЮŸŰũǃеЮџÂѠеЮůŸĬŔŉŔĲĬЮёŸƖċŰŊĲЮĬċƚőĲĬЮũŔŰĲђЮ ƨ-
SPEs are shown for comparison. (b) Distribution plots overlaying the datasets from Figure 2.20(d) 
(purple and green), Figure 2.21(a) (dark green with diagonal bars) and Figure 7.7 (orange). Lines 

represent Kernel Smooth distributions and a 50% gap is used to separate the vertical bars. The lower 
ƓŸƖƣŔŸŰЮŸŉЮƣőĲЮƓũŸƣЮŔƚЮċЮџƖƨŊѠЮƖĲƓƖĲƚĲŰƣŔŰŊЮƣőĲЮƓŸŔŰƣЮƻċũƨĲƚЮŸŉЮƣőĲЮŔŰĬŔƻŔĬƨċũЮůĲċƚƨƖĲůĲŰƣƚд 

Complementary t-test analysis (see appendix 7.4 for details) supports the conclusion that 

there is a statistically significant difference between the bare Au-SPE electrodes and the 

combined P-GFF dataset, but the inter-day variability is insignificant when this sub-dataset 

(n = 20) is compared to the mean of the collated P-GFF dataset from all experiments (n = 

63). We did not make comparison to the polymer -only dataset because as shown in Figure 

2.21(b)  we have insufficient data to resolve the skewed distribution in this relatively small 

(n = 5) set of control experiments, and polymer -only modifications are not the focus of this 

study.  
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Overall, the work in this section proves that electrochemical impedance spectroscopy 

successfully observes P-GFF (and P) SPE modification and proves variability within this 

modification. This variation is non-trivial to remove through environmental control. 

Importantly it isnõt due to instability within the P-GFF conjugate, in fact this shows 

remarkable stability over a ten-month period. Based on this variation it will be essential to 

be able to carry out multiple measurements for galectin -3 binding studies. 

2.3.3. Optimisation of redox probe and incubation methodology  for galectin -3 

binding studies  

The next stage of work to determine the binding response of galectin -3 requires being able 

to take multiple measurements on a single SPE. A series of redox probes were assessed: 

potassium ferricyanide, hexaammineruthenium (III) chloride, 6-(ferrocenyl)hexanethiol and 

the ferrocene azide derivative FD-01 previously used to determine surface coverage, the 

structures of which are provided in Figure 2.22. The focus was selecting a redox probe that 

provided both sensitivity and stability and considering the aim of industrial applications all 

except the ferrocene azide derivative are commercially available (although the 6-

(ferrocenyl)hexanethiol was previously synthesised in-house by Dr N. D. J. Yates and was 

kindly provided to the author for testing). 

 

Figure 2.22. The four redox probes that have been explored in this work. 

2.3.3.1. Using potassium ferricyanide  

Potassium ferricyanide consists of iron(III) bound to six cyanide ligands in an octahedral 

geometry. The d-electrons are in the low-spin arrangement, and the iron is easily reduced 

to iron(II) to form the ferrocyanide ion.  Potassium ferricyanide transfers electrons via an 

inner sphere electron transfer mechanism.134 In a chemical reaction, inner sphere electron 

transfer occurs between complexes via a bridging ligand, at least one of the complexes 

needs to be labile to allow the bridge to form and bonds are broken and formed.  The 

[Fe(CN)6
3-/4-

 is a redox couple that is commonly used as an electrochemical standard or 

calibrant and as a redox probe in buffers, it has also been used to investigate various 
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electrodes, to determine the antioxidant capability of samples , and it is widely used in 

sensing, including impedimetric sensing.152ð155 Based on its well-characterised 

electrochemical behaviour, its commercial availability, its inorganic nature meaning it should 

not perturb protein or aptamer structure,  and its prevalence in impedimetric biosensing 

potassium ferricyanide was the initial choice to study and characterise our biosensor system. 

This was successfully performed as described in section 2.3.2, however, issues with 

potassium ferricyanide were observed when repetitive measurements were attempted. 

 

Figure 2.23. Nyquist and Bode plots for (a) a P-GFF modified SPE and (b) a P modified SPE with 
constant exposure to K3[Fe(CN)6]. EIS measurements taken at 0.16 V (vs Ref) with an amplitude of 0.01 
V from 10 kHz to 0.1 Hz with ten readings per decade in 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 

mM sodium phosphate, 233 mM sodium chloride). 

When multiple measurements were attempted on the same electrode, instability in both the 

Nyquist and Bode plots was observed. Figure 2.23(a) shows the results for five impedance 

measurements recorded over 80 minutes for a P-GFF modified SPE that was immersed in 

potassium ferricyanide continuously. In the Nyquist plot the semi -circle diameter decreases 

from approximately 20 kǺ to 0.5 kǺ and in the Bode plot -◖ decreased from 75o to 40o, this 

shows significant monolayer destruction. To determine if the destruction was caused by 

potassium ferricyanide or multiple impedance measurements a P modified electrode was 

exposed to a 10 mM potassium ferricyanide solution for 83 minutes but only two EIS 

measurements were taken. Figure 2.23(b)  shows that despite only two measurements 
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being recorded there is a similar level of decay showing potassium ferricyanide must be the 

cause. Repeat measurements at both stages (P and P-GFF) of modification were performed 

and proved the decay was independent of modification. On consulting the liter ature, it is 

found that ferricyanide has a destructive effect on gold surfaces and causes etching. 

Combined SPR/EIS and QCM-D/EIS measurements have shown damage to the gold surface 

during EIS measurement due to cyanide ions released from the ferri/ferrocyanide redox 

probe.156 The redox couple can exchange a cyanide ligand with water leaving free cyanide 

ions in solution.124 The gold surface is etched in the presence of free cyanide as a Au(CN)2
- 

complex forms via the Elsner reaction.157 Mediation of this destructive effect was attempted 

by rinsing and storing the modified SPE in phosphate buffer in between measurements. 

Some electrochemical long-term stability was observed but these results were not 

reproducible. On reflection, a different buffer should have been considered as phosphate 

buffers can amplify the damage done by potassium ferricyanide;158 however, in our studies 

there was no visible damage after long-term storage in phosphate buffer. In fact, in a 

repetitive EIS study of four buffers (Figure 2.24), phosphate, Mes, Tris, and HEPES, the 

phosphate buffer performed best regarding signal consistency, so experiments have 

continued with the current phosphate buffer.  

 

Figure 2.24. Bode plots showing seven measurements over 84 hours for a bare Au-SPE incubated in a 
variety of buffers all containing 10 mM K3[Fe(CN)6]: (a) phosphate, (b) Mes, (c) Tris, and (d) HEPES. 

2.3.3.2. Using hexaammineruthenium(III) chloride  

Hexaammineruthenium(III) chloride is a low-spin octahedral complex with ammonia ligands. 

The ruthenium atom undergoes reversible redox chemistry between the Ru(III) and Ru(II) 

oxidation states meaning the complex moves between a 3+ and 2+ charge. This is oppositely 

charged compared to potassium ferricyanide so the two redox probes will interact 

differently with the same system. Although the complex is only stable in the oxidized state 

a DC bias potential can be applied so the complex can be used as a probe for EIS.124 

Hexaammineruthenium(III) chloride has been used in a variety of ways: monolayer 
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characterization,159 protein detection, 160 and in a functional human-IgG biosensor, where it 

exhibited a linear response from 11.3 ng mL-1 to 113 Ȋg mL-1.124 Conversely to potassium 

ferricyanide a combined EIS/QCM-D study showed no mass change when using 

hexaammineruthenium(III) chloride to study gold surfaces via impedance which proves no 

surface etching occurs.158 In addition, when used as a redox probe for repetitive cyclic 

voltammetry study of a modified SPE the CV signals were stable over the 70 minutes 

studied.124 This increased stability can be attributed to the fact that 

hexaammineruthenium(III) chloride transfers electrons via an outer-sphere mechanism so it 

interfaces with the electrode in a different way to inner -sphere redox probes.161 A potential 

drawback of using hexaammineruthenium(III) chloride over potassium ferricyanide is that 

SAM modification passivates the surface less when compared to ferricyanide. This means 

the recorded charge transfer resistance will be lower for hexaammineruthenium(III) chloride 

measuring the same system compared to when using potassium ferricyanide which may 

reduce sensitivity. For example, on a gold surface modified with p-aminothiophenol the 

charge transfer resistance was measured as 378 kǺ in [Fe(CN)6]
3-/4- and as 117 kǺ in 

[Ru(NH3)6]
2+/3+ .134  

 

Figure 2.25. (a) Bode plots for all stages of the modification of disc electrodes (bare, purple squares 
(two scans are shown to encompass full frequency range); P modified, orange circles; P-GFF modified, 

green triangles) and (b) Bode plots for a P-GFF modified disc electrode with constant exposure to 
[Ru(NH3)6]Cl3. EIS measurements taken at -0.23 V (vs Ref) with an amplitude of 0.01 V over varying 

frequency ranges between 1 MHz and 0.01 Hz with ten readings per decade in 10 mM [Ru(NH3)6]Cl3 in 
pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride). 

Through determining the EDC potential to be -0.23 V from CV analysis it can be seen that 

this voltage should not destabilise the gold -thiol bonds and thus is compatible with the 

system. Initial experiments (Figure 2.25(a)) show that the hexaammineruthenium(III) 

chloride does detect modification, particularly in differences in the phase angle (-◖). The 
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magnitudes of these phase angles are different compared to those seen with potassium 

ferricyanide which is attributed to the difference in the complexes charge. To explore 

stability, a P-GFF modified disc electrode was exposed to hexaammineruthenium(III) 

chloride for 5.5 hours with EIS data collected every 37 minutes (Figure 2.25(b)). While the 

signal isnõt completely stable, with -◖ increasing from 17.5o to 22.5o, the changes appear to 

stabilise at the three-hour mark and are significantly less drastic than those observed with 

potassium ferricyanide so could simply be due to the dynamic nature of the monolayer or 

the electrostatic interactions inducing more order in the monolayer throughout the 

experiment. This increased stability makes hexaammineruthenium(III) a promising 

candidate. The EIS parameter space was explored to determine the optimal conditions as 

an applied voltage of -0.2 V and a frequency range of 1 MHz to 1 Hz. Using these optimal 

parameters, a series of measurements of both bare and P-GFF modified electrodes were 

carried out (analogous to the data collected with potassium ferricyanide, Figure 2.17 and 

Figure 2.20(d) ). The two different groups are distinguishable, Figure 2.26, but when 

compared to the data collected using potassium ferricyanide there is lower sensitivity. This 

means that although hexaammineruthenium(III) chloride has higher stability , its sensitivity 

may not be compatible with the requirements for biosensing in our system.  

 

Figure 2.26. Nyquist plot for a series of repeats of blank and polymer-sugar (P-GFF) modified SPEs 
studied in 10 mM [Ru(NH3)6]Cl3 in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium 
chloride). EIS measurements taken at -0.2 V (vs Ref) with an amplitude of 0.01 V from 1 MHz to 1 Hz 

with ten readings per decade. 
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2.3.3.3. Using tethered ferrocene redox probes 

Another strategy to consider would be to use an immobilised redox probe opposed to a 

probe dissolved in solution, this could remove some of the issues with the redox probe 

damaging the monolayer because it is anchored to the electrode so has limited mobility. 

Two molecules were studied: 6-(ferrocenyl)hexanethiol, which can be directly linked to the 

electrode via gold-thiol bond and SAM formation, and a ferrocene azide derivative (FD-01) 

which can be conjugated to the thiol -polymer via SPAAC and then immobilised onto the 

electrode. 6-(ferrocenyl)hexanethiol was immobilised onto gold in a 1:10 mixture with the 

polymer, CV analysis showed redox peaks indicating  successful immobilisation centred at 

0.5 V (Figure 2.27(a)). Probing the electrodes at this positive potential for the duration of 

an EIS measurement has the possibility to destabilise the gold-thiol bonds, thus this redox 

probe was deemed unsuitable. Solution CVs on the ferrocene azide derivative revealed a 

midpoint potential of 0.15 V showing this probe could be studied without destabilising the 

gold-thiol bonds. The clicked P-FD-01 was immobilised onto an SPE and CV analysis showed 

successful immobilisation based on observable peaks centred at around 0.19 V, Figure 

2.27(b) . EIS experiments, carried out prior to CV analysis to ensure no CV destabilisation, 

shown in Figure 2.27(c) are different to what ha s previously been observed but are in-line 

with surface-confined redox processes. The experimental data is reasonably well-modelled 

by the Randles circuit without a Warburg element showing thereõs no diffusion processes 

as the probe is tethered. However, with tethered molecules results may be less sensitive as 

they may not provide a global view of the electrode as the molecules would be interspersed 

throughout the P -GFF layer. Additionally, the data profiles are less immediately conclusive 

based on purely visual analysis, thus incorrect conclusions may be made misinforming 

subsequent measurements during a series of experiments. 

 

Figure 2.27. (a) Cyclic voltammograms for a 1:10 mixture of 6FcSH and polymer (left for 24 hours for 
SAM formation) recorded from 1.0 to -0.2 V (vs Ref) at 100 mV s-1, (b) Cyclic voltammograms for 
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immobilised and clicked FD-01 recorded from -0.1 to 0.4 V at 100 mV s-1, and (c) Nyquist and Bode 
plots for immobilised FD-01. EIS measurements taken at 0.19 V (vs Ref) with an amplitude of 0.01 V 

from 10 kHz to 0.1 Hz with ten readings per decade. 

2.3.3.4. Optimisation of galectin -3 detection  

As hexaammineruthenium(III) chloride was identified as a promising potential redox probe 

in the previous section it was used to carry out some galectin-3 incubation trials. There was 

a decrease in impedance response observed when we had expected to see an increase in 

resistance to charge transfer as the galectin-3 would hinder the electron transfer between 

the solution redox probe and the electrode surface. This may have been due to using too 

little galectin -3 (P-GFF modified SPEs were incubated in 0.5 mg mL-1 for 20 minutes) or due 

to the ruthenium complex being less sensitive due to its outer sphere mechanism. To 

examine this further bare Au-SPEs were incubated with BSA, a protein that is expected to 

display strong non-specific adsorption to surfaces, and interrogated via EIS with both redox 

probes. It seems that both redox probes do detect this adsorption, Figure 2.28. With the 

ruthenium probe, Figure 2.28(a), the Bode plot appears more sensitive. For the iron probe, 

Figure 2.28(b) , the Bode plot shows a similar magnitude of change as Figure 2.28(a) but 

the Nyquist plot shows a much more obvious change. Importantly , an increase in signal 

following binding shows mediation of the previously observed degradation of the gold 

surface by potassium ferricyanide. It is apparent that despite the stability issues of potassium 

ferricyanide it has much higher sensitivity to binding events so will be prioritised in further 

studies. Considering the potential degradation of the gold surface by releasing cyanide ions, 

the experimental protocol has been optimised to reduce the EIS experiment length and 

ensure electrodes are rinsed thoroughly following contact with potassium ferricyanide.  
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Figure 2.28. Nyquist (left) and simplified Bode (right) plots for BSA incubation experiments on P-GFF 
modified SPEs probed with (a) [Ru(NH3)6]Cl3 and (b) K3[Fe(CN)6]. EIS measurements were taken before 

and after BSA application at -0.2 V (vs Ref) between 1 MHz and 1 Hz for the ruthenium probe and at 
0.23 V (vs Ref) between 10 kHz and 0.1 Hz for the iron probe. Solutions were 10 mM of the redox probe 

in pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride). 

2.3.4. Titration experiments reveal selective and specific galectin -3 binding to the 

GFF-modified Au -SPEs 

2.3.4.1. Studying galectin -3 binding  

Galectin-3 titration experiments were performed using EIS analysis, with a 30-minute 

incubation time used for each protein concentration based on binding kinetics from 

previously published work.84 A dataset and corresponding MCMC analysis for a single P-

GFF modified Au-SPE (Figure 2.29) was generated, with fitting performed for each 

concentration of galectin -3 to find the best fit values for all seven parameters in the 

equivalent circuit model (five parameters constitute the modified Randles circuit plus two 

noise parameters for the phase and magnitude of the impedance). The data is well-modelled 

by this circuit as a semi-circle and diffusion region is observed, the diffusion region 

contributes to a lower portion of the experiment at higher concentrations but does remain 

showing there is still a diffusional contribution to  electron transfer. Notably, we observed 

an increase in magnitude of Rct with galectin -3 concentration and importantly, as shown in 

the Rct histogram, the distribution of the fitted values of this parameter at different protein 

concentrations showed no overlap. This data therefore indicated the successful construction 

of an electrochemical impedimetric biosensor which is responsive to changing levels of 
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galectin-3. In contrast to earlier experiments comparing different electrodes (Figure 

2.20(b) ), there are smaller distributions in the non Rct parameters, in particular the Rs and 

ZW values overlap extensively, suggesting these parameters are insensitive to a change in 

galectin-3 concentration. Indeed, the advantage of such MCMC data visualisation is that is 

is a powerful tool for identifying a sensible protein concentration range over which to 

conduct experiments, and validates that Rct values from measurements at different analyte 

concentrations have statistically significant differences.  

 

Figure 2.29. 2D scatter plots showing correlations for circuit parameters used to infer parameter 
distributions from a representative galectin-3 incubation experiment. The diagonal represents the 1D 

histograms for each parameter showing the distribution of the fitted values. The MCMC used to 
generate these chains was run for 10,000 samples, with the first 3,000 discarded as burn-in. Inset: 
Resultant Nyquist plots (dots) and the computational fitting (line) and Bode plots for the galectin-3 

incubation experiments. EIS measurements were performed in the presence of 10 mM K3[Fe(CN)6] in 
pH 7 aqueous buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following 

parameters: t(equilibration) = 180 s, EDC = 0.230 V, EAC = 10 mV, f = 0.05 Hz ш 10 kHz. Rs = solution resistance, 
Rct = resistance to charge transfer, ZW = Warburg element, Q and Ŭ are the parameters used to model a 

constant phase element, and ͠ 1 and ͠ 2 are noise parameters. 

Given the substantive variation shown between P-GFF modified Au-SPEs, we repeated the 

galectin-3 titration experiments on a total of 15 different P -GFF modified SPEs (Figure 2.30), 

this allowed the determination of the viable galectin -3 sensing range and the quantification 

of electrode-to-electrode variation. Both the raw Nyquist data and the extracted Rct values 

(plotted on a logarithmic scale) from equivalent circuit fitting are shown ( Figure 2.30 and  

Figure 2.31). A general trend of increasing Rct with increasing galectin-3 across a protein 

concentration range of 15 ð 30 µg mL-1 was observed, below this region the response is 

variable although generally above 5 µg mL-1 a consistent increase is observed. In Figure 
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2.31(a), data collected over too low a galectin -3 concentration range to permit further 

analysis, repeats 1 ð 7, and datasets with an anomalous initial protein-free measurement 

(outside the 5th ð 95th percentile range from Figure 2.20(d) ), are shown in grey. Figure 

2.31(b)  shows the distribution in Rct values obtained from MCMC analysis of the 

experiments depicted in black in Figure 2.31(a). It can be seen that there is a large variation 

in binding signal observed even for repeats covering the same concentration range, e.g. 

Repeat 1 and Repeat 3, and, Repeat 14 and Repeat 15. This variation is likely related to the 

differences in gold-thiol im mobilisation due to inconsistencies in the gold environments 

present on different SPEs as discussed. As each electrode has a different extent of gold-thiol 

bonds present they will each be presenting different levels of glycofluoroform into solution 

to interact with the galectin -3. Therefore, the ease at which galectin-3 binds to the electrode 

surface and the resultant observed EIS response is different for each electrode. Attempts to 

normalise these differences by identifying complementary parameters through MCMC 

analysis was unsuccessful showing there is not a simple mathematical route to collapse this 

variation.   
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Figure 2.30. Nyquist plots, where the dots are the experimentally measured datapoints and the lines 
are the equivalent circuit fits, for galectin-3 titration experiments performed on different P-GFF 

modified Au-SPEs, the number is the top-left corner corresponds to the repeat number referenced in 
Figure 2.31. EIS measurements were performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous 
buffer (100 mM sodium phosphate, 233 mM sodium chloride) with the following parameters: t(equilibration) 

= 180 s, EDC = 0.230 V, EAC = 10 mV, f = 0.05 Hz ш 10 kHz. 
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Figure 2.31. Extracted Rct parameters for the experiments shown in Figure 2.30. (a) Best-fit point 
values obtained from CMA-ES analysis. * denotes the dataset shown in Figure 2.29 and repeats 

marked with a ҏ are the datasets combined in Figure 2.32. (b) Distributions obtained from MCMC 
analysis for the initial measurement (i.e. 0 µg mL-1 galectin-3 concentration). EIS measurements were 
performed in the presence of 10 mM K3[Fe(CN)6] in pH 7 aqueous buffer (100 mM sodium phosphate, 

233 mM sodium chloride) with the following parameters: t(equilibration) = 180 s, EDC = 0.230 V, EAC = 10 mV, f 
= 0.05 Hz ш 10 kHz. 

Ideally, it would be possible to combine all  the datasets from all the repeats for a 

comprehensive binding analysis. However, it can be seen that the binding response varies. 

This is likely due to the variability in modification conferring different binding capabilities 

onto different modified electrodes. Instead, MCMC analysis was used to identify three 

electrodes which had sufficiently similar Rct values in the initial protein -free EIS experiments 

(12.9, 7.7, and 10.4 kǺ) to justify amalgamation (Figure 2.31(b) ). Attempts in the next 

chapter will be made to develop a more consistent immobilisation method to reduce this 

variability and allow all datasets to be considered. However, a filtering step was used akin 
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to a quality control stage where uniform modified electrodes were identified by a similar 

starting EIS response. This allows the binding response for a sub-set of the modified 

electrodes to accurately be determined. While other electrodes are likely to operate under 

a slightly different binding regime, this approach allows more certainty in quantifying a sub -

set of electrodes in order to draw comparisons with the previously established nanoparticle-

based optical assay. The Rct vs galectin-3 concentration plot for this combined dataset is 

shown in Figure 2.32, and this confirms that a reproducible galectin-3 binding response is 

achieved across repeat electrodes where they have a similar initial Rct.  

 

Figure 2.32. Extracted Rct parameter plotted against galectin-3 concentration for three SPEs with 
similar values of protein free initial measurements, the mean value and 95% confidence limits are 

shown with a black cross and grey vertical error bars, respectively. 

2.3.4.2. Quantification of binding using Langmuir and Hill equations  

Applying the analysis described by Bandyopadhyay et al.,162 assuming a Langmuir isotherm, 

enables the dataset to be linearised as shown in Figure 2.33(a) with the gradient of the plot 

corresponding to 1/K d as shown in Equation 2.10, where C is the galectin-3 concentration 

and Rct,0 and Rct,i are the resistance to charge transfer at a protein-free stage and after 

protein incubation, respectively. This assumes that Rct is a direct measure of binding 

(Equation 2.8) and uses the relationship between Ȇ and Ka (Equation 2.9). Using this analysis 

and setting a y-intercept of zero yields a Kd of 6.3 µg mL-1 which equates to 240 nM 

assuming a molecular weight of 26 kDa for galectin-3. The Kd value for the GFF EIS biosensor 

is notably higher than the Kd of 6.0 nM achieved using the same P-GFF binding system on 

Au nanoparticles,84 we attribute this to the differences in the grafting density and the 
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increased steric repulsion in the interaction between solution-phase galectin-3 and a planar 

Au-SPE surface compared to a solution suspension of Au nanoparticles.  
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where: ʃ: fraction of occupied 

binding sites 

Rct,i: charge transfer resistance 

after incubation (ɱ) 

Rct,0: charge transfer resistance 

before incubation (ɱ) 

 C: galectin-3 

concentration (mol 

dm-3) 

Ka: association constant (mol-1 

dm3)  

Kd: dissociation constant (mol 

dm-3) 

 

 

Figure 2.33. (a) Combined datasets from three different P-GFF (green squares) and P-CS (blue dots) 
modified Au-SPEs titrated against galectin-3. The P-GFF dataset is fit to a straight line (black dashed 
line, equation shown on plot) to enable determination of Kd, as described in the text. Inset: chemical 

structures of GFF (green) and CS (blue). The datapoints represent the average values from the 
combined datasets, while vertical error bars represent the standard deviation. (b) Analysis of the 
combined response-versus-protein concentration dataset (Figure 2.32), where datapoints (black 

crosses) are the average value from the dataset and vertical error bars denote the standard deviation. 
A best fit to the Hill equation is shown by the pink line, as described in the text. Here, n =5.7 and KA 

ёƚŸůĲƣŔůĲƚЮƖĲŉĲƖƖĲĬЮƣŸЮċƚЮƣőĲЮџE950ѠЮƻċũƨĲђЮӆЮΤΫдΨЮәŊЮůx-1 (equivalent to 713 nM). 

An alternative method of assessing ligand-protein binding affinity is to use the Hill equation  

(Equation 2.11), as has been previously reported in the EIS biosensor literature and provides 

an insight into binding cooperativity .163ð165 An n value greater than 1 indicatives positive 

binding cooperativity which means the binding of one ligand facilitates the binding of 

another. An n value less than 1 indicates negative cooperativity where the binding of one 

ligand disfavours further ligand  binding. An n value equal to one means there is no positive 
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or negative effect on initial ligand binding. 166 As shown in Figure 2.33(b) , such an analysis 

can also be used to generate a good fit to the data. The best-fit Hill coefficient value, n = 

5.7, is consistent with the notion that the proposed multimeric -multivalent binding mode 

of galectin-3 supports cooperative binding between the  protein and the P-GFF surface.167 

The best-fit value for KA, the ligand concentration producing half occupation, was 18.5 µg 

mL-1 (equivalent to 713 nM). 
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 Equation 2.11 

 

where: ɝRct: change in charge transfer resistance 

(i.e. Rct,i ɀ Rct,0) (ɱ) 

ɝRct,max: maximum change in charge transfer 

resistance (i.e. Rct,max ɀ Rct,0) (ɱ) 

 KA: ligand concentration producing half 

occupation (mol dm-3) 

n: Hill coefficient 

2.3.4.3. Control experiments  to determine selectivity and specificity  

To confirm that the observed galectin -3 concentration dependent response is a result of the 

specific affinity of the protein for the 3F -lacto-N-biose glycofluoroform, further protein 

titration experiments were carried out using a non -galactoside control monosaccharide with 

negligible affinity for galectin -3 (GlcNAc-N3, Figure 2.33(a)). Once again, the DBCO polymer 

was subjected to SPAAC with the azide containing monosaccharide, before the polymer-

control sugar (P-CS) modified electrodes were incubated with galectin-3. A non-

concentration dependent Rct response to galectin-3 was seen across three P-CS modified 

Au-SPEs (Figure 2.34) indicating that binding of galectin -3 to modified electrodes is 

glycofluoroform specific. To best summarise this, the EIS response for P-CS modified 

electrodes was compared to P-GFF electrodes using the Kd analysis described above, as 

shown in Figure 2.33(a)).  

 

Figure 2.34. Extracted Rct parameters for the P-CS modified Au-SPEs. 

Finally, an ideal diagnostic biosensor would show minimal off-target binding to other 

biomolecules present in biological samples; this can be very challenging to achieve because 
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serum contains albumins and immunoglobins, and plasma additionally contains 

fibrinogen 168 which are all proteins which are capable of non-specific surface-binding 

interactions. We therefore explored whether the incorporation of the P -GFF within the 

biosensor would act to advantageously reduce any non-specific binding, using albumin 

(BSA) as a model analyte. Importantly, although EIS experiments using increasing 

concentrations of BSA (Figure 2.35) show a significant change in Rct on bare electrodes, this 

non-specific binding to the gold electrode is reduced when using electrodes modified with 

the P-GFF.  

 

Figure 2.35. Extracted Rct parameters for BSA incubation of both bare and P-GFF modified Au-SPEs. 

2.4. Summary and conclusions 
This work establishes how the enhanced protein-binding specificity of a glycofluoroform 

can be harnessed for electrochemical biosensing. The potential of this platform is 

showcased in the detection of galectin-3 using glycofluoroform modified Au -SPEs, 

establishing charge transfer resistance as a proxy measurement for protein binding. By 

detecting a biomedically relevant protein, we aim to demonstrate the potential for long -

term diagnostic device development.  

Before titration experiments were performed electrode types, chemoenzymatic synthesis 

optimisation, and redox probes were explored. It was determined the concentration of the 

enzyme used does affect the synthetic yield, SPEs are a suitable platform for immobilisation, 

and potassium ferricyanide provides the greater sensitivity for electrochemical 

measurements. 
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The electrode surface modification ensures sensitivity and selectivity for the target analyte, 

the glycofluoroform -polymer also exhibits robust stability over a prolonged period, an 

advantage over other less chemically stable/storable biosensing biomolecules,151,169 and the 

P-GFF also pacifies the gold surface to non-specific albumin binding. Although it was 

demonstrated that  Au-SPEs exhibit electrode-to-electrode variation that must be accounted 

for during analysis, they are also compatible with low-volume measurements and this 

enticing combination of electrochemical cell miniaturization with sensitive and specific 

binding is highly desirable in point -of-care diagnostic applications.170,171 This chapter shows 

GFF can be used as a new class of bioreceptors, adding a new and powerful tool to the 

biosensing toolkit.  
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Chapter Three: Utilising emerging triazabutadiene 

molecules to employ a carbon surface for biosensing 
As shown in chapter two, an electrochemical impedance spectroscopy biosensor platform 

utilising glycofluoroforms show s promise in galectin-3 detection. However, one of the main 

issues with this initial biosensor design is the stability of the gold -thiol bond tethering the 

polymer-glycofluoroform conjugate to the gold electrode surface. Electrode modification is 

a rich topic in the literature, and a different immobilisation strategy could yield a more stable 

sensor surface for our measurements and enable a switch to a carbon-based sensor. The 

usage of carbon-based sensors is commonplace due to the relative low cost, high surface 

area, ease of functionalisation, high thermal stability, and favourable electrochemical 

properties, namely high conductivity, low background currents and wide  potential 

stability.96,127,172 An overview of some relevant electrode modification strategies for 

biosensing are outlined in the next section. The history and development of the 

triazabutadiene molecules that form the basis of the immobilisation strategy this result 

chapter focuses on are discussed in more detail. This chapter then describes the usage of 

these triazabutadiene molecules as masked diazonium ions to enable a carbon surface to 

be employed for sensing. A novel conjugation and purification method to conjugate the 

thiol -polymer to the triazabutadiene molecule is described. Comprehensive studies of the 

modified surface are performed using both the polymer and polymer -glycofluoroform 

substrates as well as a ferrocene derivative to enable voltammetric enquiry of the 

modification. Finally, galectin-3 binding to this new sensor platform is monitored using 

electrochemical impedance spectroscopy and the results are assessed with Hill-Langmuir 

binding analysis. 

3.1. Introduction 

3.1.1. Electrode modification and substrate immobilisation  

This thesis aims to develop new methods for building an electrochemical biosensor that 

detects galectin-3. Bare surfaces of C, Au, Hg and Pt have found extensive use in biosensing 

applications.173 However, these electrode surfaces also suffer from fouling, slow reaction 

rates and non-specific redox behaviour, therefore electrode modification strategies are 

often employed in the electrochemical biosensing literature.  The modification of working 

electrodes has been a topic of interest in the electrochemical community since the late 

1970s,174 originally motivated by electrochemists seeking more complex surfaces to 
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investigate. Developing new modification techniques as well as materials to exploit 

continues to be integral to electroanalysis.96 Electrode modification can be via electrostatic, 

non-specific adsorption, non-covalent or covalent interactions and tunes both the 

electronic, i.e. conductivity and resistivity, chemical, i.e. specificity and selectivity, and 

sensing properties. Tailored electrode surfaces have subsequently found use beyond purely 

electrochemical study in applications such as corrosion studies, molecular electronics,175 

energy conversion and enzymatic fuel cells,176 industrial electro- or bio -catalysis reaction,177 

as well as immunoassays and sensors.178,179  

 

Figure 3.1. Requirements of a selected modification method to be suited for biosensors.180 

Electrode modifications for electrochemical biosensing can provide both benefits and 

drawbacks to a biosensor and must meet the requirements shown in Figure 3.1. The 

benefits of surface modification should be: increased specificity, selectivity, sensitivity and 

the improvement of performance due to the prevention of surface fouling .181ð183 The 

drawbacks of surface modifications are that they can require expensive and timely 

procedures, can introduce irreproducibility if the modifiers are unstable, and may make the 

application of the sensor too niche, reducing profit capability. Therefore, t he performance 

of the electrode modification chemistry must be optimised for the sensing application. This 

chapter focuses on using triazabutadiene functionality to òsmuggleó diazonium groups onto 

the glycofluoroform -polymer conjugate used in the previous chapter. To provide some 

context, diazonium electrode modifications will be briefly reviewed.  






























































































































































































































