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Abstract 

 

Enzymatic Inhibition-Based Biosensing on Nitrogen-Doped Carbon 

Nanotube Electrodes 

 

Ian Matthias Rust, M.A. 

The University of Texas at Austin, 2015 

 

Supervisor:  Keith J. Stevenson 

 

While previous work has demonstrated the effectiveness of nitrogen-doped carbon 

nanotubes (N-CNTs) as biogenic electrode materials in first- and second-generation 

biosensors, this thesis primarily explores enzymatic inhibition-based biosensing schemes 

on N-CNT electrodes. This type of scheme enables the detection of enzymatic inhibitors, 

as opposed to enzymatic substrates, making these inhibition-based biosensors much more 

suitable for the monitoring of environmental pollutants. Presented in this thesis is a 

biosensor which couples N-CNTs with glucose oxidase (GOx) through spontaneous 

physical adsorption for the highly sensitive detection of aqueous silver ions. Included is a 

thorough discussion of the parameters that affect response time as well the biosensor’s 

aptitude for repeated use. A later chapter presents initial work towards the inhibition-

based detection of sucralose, a relatively new environmental pollutant. A bi-enzymatic 

approach is explored, in which both GOx and invertase are immobilized on an N-CNT 

modified electrode. Finally, shifting focus from inhibition-schemes, the last remaining 

chapter investigates the coupling of CNTs and N-CNTs with methylene green (MG), a 



 v 

redox mediator used in second-generation biosensors based on NADH oxidation. 

Common coupling techniques are examined for their effectiveness in decreasing the 

overpotential required for NADH oxidation. 
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Chapter 1: 

 Biosensing on N-CNT Electrodes 

1.1 INTRODUCTION 

The detection of biomolecules has become of critical importance in a variety of 

fields including medicine, food safety, homeland security, agriculture, and environmental 

monitoring.
1–3

 These applications range from simple point of care diagnostic testing to 

the remote sensing of airborne bacteria to counter bioterrorist activities. Acquiring a 

signal with selective recognition to the biomolecule of interest is essential in these 

applications. Biosensors are analytical devices that couple biological materials with a 

chemical or physical transduction technique and are thereby capable of converting a 

specific biological response into an electrical signal. Biosensors have been developed 

with optical, piezoelectric, calorimetric, and magnetic transducers, however the most 

common types of biosensors are electrochemical, making use of either amperometric, 

potentiometric, conductometric, or impedimetric detection.
4
 In enzymatic electrochemical 

biosensing schemes, enzymes are the bio-recognition element incorporated, as enzymes 

are extremely useful bioanalytical reagents due to their high substrate specificity.  

Enzymatic biosensors have found widespread use and even some commercial 

success, which can likely be attributed to their many appealing characteristics including 

low cost, high sensitivity, ease of use, fast response times, and the ability to make real-

time quantitative or qualitative measurements at the sample acquisition point so 

corrective actions can be put in place in a timely fashion. The first electrochemical 
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biosensing scheme was developed by Clark and Lyons in 1962 in order to monitor blood 

glucose concentrations during surgery. Their setup, now known as the as the Clark 

oxygen electrode, used glucose oxidase (GOx) entrapped near the surface a platinum 

electrode by a piece of (O2-permeable) dialysis membrane.
5
 Because GOx requires 

oxygen to catalyze glucose into gluconolactone (as shown in Equation 1.1) a decrease in 

the electrochemically measured oxygen was proportional to glucose concentration. This 

sensor served for many years as the template for numerous variations involving a variety 

of oxidase enzymes.
6
 However, due to the fact that this scheme is fundamentally based on 

analyte consumption, it faces some serious limitations such as instability of response, 

electrode poisoning, signal drift, flow dependence, and fragility
7,8

. For these reasons, 

there has been a shift to biosensing schemes involving the enzymatic byproduct of GOx, 

H2O2. 

                                               

   
→                                           (Eqn 1.1) 

 While it is possible to electrochemically oxidize or reduce H2O2 directly on a 

conventional solid electrode, these processes, for the purposes of analytical detection, are 

characterized by sluggish electrode kinetics and a necessity for large overpotentials
9,10

. A 

significant effort of late has thus been devoted towards electrode modifications capable of 

promoting faster electron transfer kinetics and decreasing the overpotential required for 

H2O2 detection. With these goals in mind, a vast array of materials have been 

investigated, including, but not limited to: redox mediators, redox-active proteins, 

transition metals, peroxidase enzymes, metal oxides, metal porphyrins, and metal- or 

carbon-based nanomaterials
11

. Nanomaterials specifically have drawn considerable 
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interest due to their many desirable physicochemical and electronic characteristics that 

distinguish them from of bulk materials. Moreover, nanomaterials can often be modified 

in terms of size or structure to heighten sensing performance or to even devise novel 

biosensing platforms. 

 The carbon nanotube (CNT) is one nanomaterial in particular that possesses a 

unique combination of superb mechanical, electrical, and electrochemical properties. The 

discovery of CNTs has been often been attributed to Iijima in his 1991 Nature paper
12

, 

although an extensive amount of work from other scientists preceded this finding such 

that Iijima’s contribution has, by some, been termed  rather a ‘rediscovery’.
13

 Iijima’s 

seminal work did however generate an unprecedented interest in carbon nanostructures, 

which has yet to abate. Research activity in utilizing CNTs as components of 

bioelectrodes has exhibited astonishing growth in the last fifteen years, especially since 

2007.
14

 The inclusion of CNTs has become increasingly more accessible due to a wealth 

of synthesis techniques including laser ablation, arc-discharge methods, and chemical 

vapor deposition (with or without
15

 transition metal catalysts).
16,17

 It should be noted that 

CNTs come in two principal forms, single-walled (SWCNTs) and multi-walled 

(MWCNTs), with SWCNTs possessing an outer diameter of approximately 1-2 nm, 

while MWCNTs will typically range from 2 -50 nm, depending on the number of walls.
18

 

Lengths are generally on the order of several microns. Both forms of CNTs are found in 

biosensors, although MWCNTs tend to be easier to synthesize and are significantly 

cheaper in cost when compared to SWCNTs.
19

 But what exactly is it about CNTs that 
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make them such attractive materials as a platform for enzymatic based biosensing 

schemes? 

 First and foremost, CNTs have been shown to display intrinsic electrocatalytic 

behavior towards many common byproducts of biocatalysed reactions including H2O2 

and dihydronicotinamide adenine dinucleotide (NADH).
9,20,21

 The origin of this catalytic 

behavior has been ascribed to the presence of highly reactive edge plane sites located at 

the ends of the nanotubes and at defect sites in the CNT lattice.
22,23

 This edge plane 

character of the CNTs helps facilitate facile electron transfer kinetics, yielding fast 

response times for CNT-modified electrodes.
24

 CNTs can be easily assembled on a 

secondary substrate through Van der Waal’s interactions
18

, and their extraordinarily large 

length-to-diameter ratios, which can be as high as 1.32 x 10
8 

: 1, provide for high surface-

to-volume ratios, thus vastly increasing the surface area of CNT-modified electrodes.
25

 

With their enhanced surface areas, CNT electrodes can then be used to immobilize bio-

recognition elements, such as proteins. The unique electronic structure of CNTs affords 

efficient charge transfer between these surface-attached biomolecules and the CNTs.
26

 

Alone, CNTs exhibit good electronic conductivity due to their metallic character, but, 

importantly, when they are used to immobilize biomolecules, this conductivity has been 

shown to be remarkably sensitive to the surface-adsorbed species.
24,27,28

 Finally, CNTs 

show a resistance to surface fouling effects
29

 and are characterized by excellent long-term 

chemical stability
24

, leading to more robust sensing modalities. 

 The doping CNTs with heteroatoms, such as nitrogen or boron, has become an 

increasingly popular topic of research due to the fact that the incorporation of these 
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dopants allows for the tailoring of CNTs with desired physical or electronic properties. 

Notably, nitrogen doped CNTs (N-CNTS) display remarkably higher electrocatalytic 

capabilities for the enzymatic byproducts previously mentioned.
20,30

 The incorporation of 

nitrogen in CNTs disrupts the homogeneity of the sp
2 

carbon lattice by producing 

nitrogen functionalities such as pyrroles and pyridines, thereby generating acidic or basic 

surface sites which are favorable for electron transfer.
31,32

 Important electronic properties, 

such as the density of states near the Femi level and the band structure are therefore 

altered in this doping process.
33–36

 All of this works to further increase the edge plane 

character of the CNTs, which, as mentioned before, is believed to be the source of their 

electrocatalytic nature. It should be noted that previous work within the Stevenson group 

has shown, through a comprehensive collection of controlled studies involving 

electrochemical, surface analytical, spectroscopic, and microscopic analysis, that the 

heightened electrocatalytic properties imbued in CNTs by N-doping correlate with 

nitrogen content and are not a result of the presence of metallic impurities that may result 

from the synthesis process.
32,37–39

 The N-doping of CNTs is attractive for a number of 

other reasons as well, such as an enhanced capacity for protein surface coverage (without 

altering protein conformation
40

), better biocompatibility of the material
41

, and a decrease 

in its hydrophobicity
42

.  

 Given all of these benefits, it is no surprise that CNTs/N-CNTs have been 

integrated into a myriad of enzymatic biosensing systems – especially in light of the fact 

that H2O2 and NADH are two byproducts of over three hundred oxidoreductases
43

. First 

and second generation biosensors are still the most widely studied schemes, where first 



 6 

generation biosensors are of the simplest design, requiring diffusion of the reaction 

product over to the electrode surface before undergoing oxidation or reduction. In second 

generation schemes, redox mediators are used to shuttle electrons between the product 

and the electrode, which can generate an improved response. Mediators are routinely 

used in circumstances where an enzyme’s co-factor (NAD
+
/NADH, NADP

+
/NADPH, 

and FAD
+
/FADH2 are several common co-factors shared among numerous enzymes) 

requires a high overvoltage for regeneration; mediators may be incorporated to overcome 

this issue. Using the NAD
+
/NADH couple as an example, a mediator with a half-wave 

potential (E1/2) more positive than that of NADH is introduced to the system – either in 

solution or immobilized at the working electrode. The mediator reacts rapidly with the 

‘spent’ form of the co-factor, NADH, oxidizing it back to NAD
+
 before it then travels to 

the surface of the electrode and undergoes oxidation at a substantially decreased 

overpotential. New mediators and mediator-immobilization techniques are continually 

being investigated for these purposes. 

The latest generation of biosensors, third generation biosensors, necessitate direct 

electron transfer (DET) between the enzyme’s active center and the electrode, although 

previous work
42

 in the Stevenson group has shown that DET between CNTs and GOx 

does not occur. There exists, however, a fundamentally different approach to enzymatic 

biosensing in which rather than an enzyme-metabolized analyte (as in the three 

generations of direct-monitoring biosensors above), an enzymatic inhibitor is instead the 

analyte of interest. Here a decrease in the rate of enzymatic (by)product production is 

measured and correlated with analyte concentration. This is termed enzyme inhibition-



 7 

based biosensing, and is very much analogous to quantitative fluorescence quenching 

techniques. Biosensors of this nature are generally more suitable (than conventional 

biosensors) for the majority of environmental monitoring applications, since a very 

limited number of environmental pollutants can act as enzymatic substrates.
44

 These 

assays also typically exhibit considerably lower limits of detection, by virtue of the fact 

that most enzymes are susceptible to very small concentrations of inhibitors, especially in  

cases of inhibition by aqueous metal ions. 

While previous efforts in the Stevenson group have been devoted toward 

demonstrating the effectiveness of N-CNTs as biogenic electrode materials and their 

incorporation into various first-generation biosensing strategies involving H2O2 

producing enzymes (GOx
42

, lactate oxidase
20

, and horseradish peroxidase
45

), the work 

herein describes efforts to convert these designs and fabrication techniques into 

inhibition-based sensing schemes capable of measuring entirely new sets of analytes. 

Also included is an investigation into the coupling of CNTs/N-CNTs with redox 

mediation which was a natural progression given the previously mentioned benefits each 

offer. Two-thirds of this thesis is devoted to the use of N-CNTs in inhibition-based 

biosensing schemes, while one-third focuses on redox mediator use. 

More specifically, this thesis is split into four chapters, with the first chapter 

providing a broad overview of the scope of this work and some of the motivations behind 

it. Chapter 2 then details the analytical performance of an enzymatic inhibition-based 

biosensor with high sensitivity for the metal ion Ag
+
, fabricated using N-CNTs coupled 

with GOx through only spontaneous physical adsorption. Included is a thorough 
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discussion on the parameters that affect response time, an important aspect of inhibition-

based detection schemes not typically discussed in the published literature. Additionally, 

detection capabilities for other metal ions such as Cu
2+

 and Co
2+

 are demonstrated, as 

well as an outline of the unique aptitude of inhibition-based biosensors for repeated use, 

providing support for these biosensors in environmental metal ion monitoring 

applications. 

Chapter 3 describes an investigation into the pairing of CNTs and N-CNTs with 

methylene green (MG), an effective redox mediator used in second-generation biosensors 

based on NADH oxidation. Coupling of the MG to the carbon electrode material is most 

commonly done in one of two ways: 1) electropolymerization of the MG into a poly(MG) 

film or by 2) physical adsorption.
46–50

 An examination of the electrocatalytic capabilities 

of both coupling methods for the oxidation of NADH is included, along with a 

comparison of the N-CNT/MG and CNT/MG couples.  

Finally, Chapter 4 introduces a possible future direction in enzyme inhibition-

based biosensing on N-CNT electrodes. This chapter chronicles some initial work 

towards the design of a sucralose sensor based on enzyme inhibition, and a few of the 

complexities involved therewith. Sucralose is a relatively new environmental 

contaminant (it was approved for use in the United States, for instance, only as recently 

as 1998
51

) and there exist very few detection schemes for it – none based on enzyme 

inhibition. A bi-enzymatic approach was examined, in which both GOx and invertase 

immobilized on an N-CNT modified electrode. 
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Chapter 2: 

Amperometric Detection of Aqueous Silver Ions by Inhibition of 

Glucose Oxidase on Nitrogen-Doped Carbon Nanotube Electrodes* 

2.1 INTRODUCTION 

Carbon nanotubes (CNTs) have attracted significant attention as advanced carbon 

electrode materials for biosensing applications
27,52–55

, ever since their initial use for 

dopamine detection
56

.  CNTs have been shown to mitigate surface fouling
27,52,54,57

, 

display electrocatalytic activity towards enzymatic byproducts such as NADH and 

H2O2
27,52,54

, and enhanced enzyme loading
58

 due to their increased surface area, 

particularly for 3-D mesh electrodes
59

.  CNTs are therefore a terrific candidate for 

amperometric enzyme inhibition-based biosensing applications. In this type of assay, 

enzyme inhibitor concentrations (which are typically pesticides or heavy metals) can be 

measured by monitoring the attenuation of the immobilized enzyme activity. These types 

of sensors generally exhibit high sensitivities since most enzymes are susceptible to very 

low concentrations of inhibitors
44

.  CNTs have been utilized in only a few studies 

involving horseradish peroxidase
60

 and acetylcholinesterase
61–63

 inhibition, however, 

nitrogen-doped CNTs (N-CNTs), where nitrogen is incorporated into the all carbon 

lattice, have never before been applied to this type of assay.  N-CNTs have been shown to 

enhance many of the features that make CNTs attractive for biosensing applications.
64

 N-

CNTs display markedly higher electrocatalytic activity toward enzymatic byproducts 

NADH and H2O2
21,65,66

, increased protein loading
40

, decreased hydrophobicity
42,64

, and 

                                                 
* Portions of this chapter appear in Rust, I.M; Goran, J.M.; Stevenson, K.J. Anal. Chem.2015 [in review]. 

Experimental work by Rust and Goran. Supervised by Stevenson. 
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increased biocompatibility.
67,68

 N-CNTs are therefore an even better candidate for 

amperometric enzyme inhibition-based biosensing applications. 

Glucose oxidase (GOx) is an excellent enzyme for biosensing applications due to 

its high specificity, high turnover rate, high stability, and low cost.
69

  GOx has been 

successfully paired with N-CNTs in previous work from this group with
70

 and without
71

 

the use of binders for glucose sensing.  GOx is known to be inhibited by a number of 

heavy metals
69,72,73

 including Ag
+
, Hg

2+
, Cu

2+
, Pb

2+
, Co

2+
, Fe

3+
, and Ni

2+
 and these 

interactions have been utilized in numerous GOx-inhibition based heavy metal assays.
73–

80
 Immobilization of the enzyme is often achieved by polymer or hydrogel entrapment, 

however, the immobilization matrices in many of these studies are believed to 

competitively coordinate heavy metal ions, leading to less robust sensors and inconsistent 

results.
77

 

Heavy metal pollution is recognized today as a necessary and important aspect of 

environmental monitoring.  In recognition of this, regulatory agencies, such as the WHO 

and EPA, have set rigid limits on the ranges of permissible heavy metal concentrations.
81

  

Current methods of analyzing heavy metals, such Flame Atomic Absorption 

Spectroscopy (FAAS) or Inductively Coupled Plasma – Atomic Emission Spectroscopy 

(ICP-AES), are reliable, but are also expensive and require cumbersome equipment.  This 

approach hinders analysis in areas where heavy metal exposure is most prominent: less-

developed countries.
82

 Furthermore, these bulky analytical systems lack portability, 

precluding the opportunity to quantify heavy metals at the sample acquisition point. 
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The environmental presence of one metal in particular, silver, is a growing 

concern as a result of the increasing utilization of silver and silver compounds in 

medicine and industrial applications.  Since silver ions cause acute toxicity to aquatic 

species, the fast and reliable detection of trace amounts of aqueous silver in industrial and 

environmental water samples is of considerable importance.
83

 Silver is also intimately 

associated with the environmental contamination of other toxic metals such as lead and 

mercury. Electrochemical detection of heavy metals offers a cheap, portable, and 

relatively simple alternative to spectroscopic methods.  Thus, Ag
+
 biosensors

73,77,84–88
, 

chemosensors
89–91

, ion-selective electrodes
92,93

, and voltammetric techniques
93–95

  are 

currently being investigated.  Herein, we present a simple, cost-effective, and highly-

sensitive approach to heavy metal detection, focusing on silver in particular.  N-CNTs are 

coupled with physically adsorbed GOx to demonstrate an enzyme inhibition-based heavy 

metals detection scheme. An investigation of the mode of inhibition and inhibition 

constants for several GOx-inhibiting heavy metals is also included. 

2.2 EXPERIMENTAL 

2.2.1 Enzymes and Chemicals 

Glucose oxidase (Type X-S from Aspergillus niger, E.C. 1.1.3.4, lyophilized 

powder, 100-250 U/mg, MW 160 kDa), α-D-Glucose (96%), and cobalt chloride (CoCl2) 

were purchased from Sigma-Aldrich. Cupric nitrate (Cu(NO3)2), sodium hydroxide 

(NaOH), pyridine, sodium phosphate monobasic (NaH2PO4, monohydrate), and sodium 

phosphate dibasic (Na2HPO4, anhydrous) were purchased from Fisher. Silver nitrate 
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(AgNO3) was acquired from Acros. Bis(cyclopentandienyl) iron (ferrocene, 99%) was 

obtained from Alfa Aesar. Ethylenediaminetetraacetic acid (EDTA) was purchased from 

EM Science. Ethanol (anhydrous) was purchased from Pharmco-AAPER. Ultrapure 

water (≥18 MΩ cm) was used throughout. 

2.2.2 N-CNT Synthesis 

N-CNTs were synthesized via a chemical vapor deposition (CVD) process where 

N-CNTs were produced using a 20 mg/mL ferrocene in pyridine solution injected within 

a quartz tube spanning two identical tube furnaces (Carbolite model HST 

12/35/200/2416CG), as described in previous work from this group.
32,33,70

 N-CNTs made 

by this process have been characterized extensively by X-ray photoelectron 

spectroscopy
32,33

 and are known to have 7.4 ± 0.5 atom % nitrogen. 

2.2.3 Biosensor Construction 

Synthesized N-CNTs were mixed with absolute ethanol to form a 2 mg/mL 

solution, which was sonicated (Branson ultrasonic cleaner, model 2510R-MTH) for two 

hours to ensure a homogeneous solution.  A single 12 μL aliquot of the N-CNT/ethanol 

solution (24 μg of N-CNTs) was drop-cast on to the pre-polished surface of 0.5 cm 

diameter glassy carbon (GC) rotating disk electrodes (RDEs), PINE Instruments 

AFE2M050GC, and allowed to dry completely.  Binders, dispersion agents/surfactants, 

and oxidizing agents were not used in the construction of the biosensors.  GC-RDEs were 

polished, prior to drop-casting, with 0.05 μm alumina slurry on microcloth (Buehler) and 

sonicated in ultrapure water for one to two minutes to remove adsorbed alumina. Once 
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dried, the drop-cast RDEs were ‘wet’ with a mixture of 0.1 M sodium phosphate buffer 

(SPB) at pH 7.0 and ethanol (1:20, ethanol: buffer, by volume).  The wet electrodes were 

submerged in a 0.1 mg/mL solution of GOx in 0.1 M SPB for exactly two minutes, to 

allow the adsorption of GOx onto the N-CNTs at room temperature. Electrodes were 

rinsed with SPB to remove any loosely adsorbed GOx before use. 

2.2.4 Electrochemistry 

A three-electrode cell consisting of the biosensor described above, a coiled Au 

counter electrode, and a Hg/Hg2SO4 reference electrode (CH Instruments, +0.64 V vs. 

SHE) were used in conjunction with a five-neck 125 mL glass cell for all electrochemical 

experiments. The RDEs were placed in a Pine Instruments AFMSRX analytical rotator 

and set at a rate of 4000 rpm, unless stated otherwise. Chronoamperometric 

measurements were taken with an Autolab PGSTAT30 potentiostat (Autolab GPES 

software, version 4.9) poised at +0.05 V.  At this potential, the enzymatically generated 

H2O2 is oxidized, thus, the observed oxidative current (caused by the presence of 

glucose) is a measure of the enzymatic activity of adsorbed GOx. This potential also 

represents the lowest potential with the highest oxidative current response to H2O2 at N-

CNT electrodes; higher potentials do not appreciably increase the sensitivity.
96

 

For the final biosensing parameters, a 2 mL aliquot of 2.5 M glucose (in 0.1 M 

SPB, pH 7.0) was introduced to the cell, resulting in a steady-state oxidative current 

defined as I0. Metal inhibitor solutions (prepared in water, due to the poor solubility of 

metal-phosphate compounds) were then introduced in small aliquots and the current 

response, termed I, was recorded. In order to ensure the steady-state current response was 
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achieved after metal ion injection, a period of 200 seconds was allowed to elapse between 

metal ion additions.  The inhibition percentage at each metal ion concentration was 

calculated using the expression shown below (Equation 2.1):  

        
      

  
                          (Eqn. 2.1)  

The resulting % inhibition can be plotted versus molar inhibitor concentration to create a 

heavy metal assay with sensitivity units of M
-1

. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Optimization of the Operating Substrate Concentration 

The substrate concentration utilized during the operation of enzyme inhibition-

based biosensors is known to have a profound effect on the overall analytical 

performance
97

, especially in the case of uncompetitive and mixed-type inhibition, where 

the inhibitor binds to the enzyme-substrate complex. There is not a clear consensus on the 

optimal substrate concentration for biosensor operation, as previous studies utilizing GOx 

for enzyme inhibition-based biosensors range from as low as 0.2 mM, to as high as 40 

mM glucose.
73,74,76,77

 Although the initial current, I0, is directly proportional to the 

concentration of substrate, the influence of substrate concentration on the enzyme’s 

sensitivity to an inhibitor is less straightforward.  Thus, we examined the sensitivity of 

the biosensor to Ag
+
 as a function of the glucose concentrations from 5 to 200 mM, 

shown in Figure 2.1.  The sensor’s sensitivity to Ag
+
 increases concomitantly with 

glucose concentration until around 50 mM, where the sensitivity appears to plateau.  
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Figure 2.1: Percent inhibition as a function of inhibitor (Ag
+
) concentration operated at 

various initial glucose concentrations. 
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This type of behavior is analogous to the well-known Michaelis-Menten (MM) 

model for enzyme kinetics, which also shows a plateau in the enzymatic activity as a 

function of substrate concentration.  A plot of the N-CNT/GOx biosensor’s activity as a 

function of glucose concentration (a Michaelis-Menten plot) is shown in Figure 2.2(A), 

while a plot of the N-CNT/GOx biosensor’s sensitivity to Ag
+
 as a function of glucose 

concentration is shown in Figure 2.2(B). MM plots relate the enzyme’s catalytic rate to 

the concentration of substrate, and are often used to determine the Michaelis constant Km, 

the substrate concentration at which the reaction rate is at half-maximum. The apparent 

Km, Km
app

, was determined from fitting of the MM curve and found to be 24.5 ± 0.4 mM 

glucose, while GOx saturation (where the MM curve begins to plateau significantly) 

occurs around twice that value, or approximately 50 mM – the same concentration at 

which the sensitivity to Ag
+
 reached its maximum plateau. This suggests that GOx is 

most sensitive to Ag
+
 inhibition when it becomes saturated with glucose, any additional 

glucose after saturation will increase its sensitivity minimally, if at all. An operating 

glucose concentration of 50 mM was used exclusively in future studies. 

2.3.2 Response Time 

Due to the nature of inhibition, enzyme inhibition-based biosensors tend to have 

fairly sluggish response times, especially when compared to conventional direct-

monitoring amperometric biosensors, which can exhibit nearly instantaneous responses.
20

 

Previous heavy metal enzyme inhibition-based biosensors have reported response times, 

defined as the time required to reach steady-state after introduction of the inhibitor, on 

the order of several minutes
73,74,98

 or longer
99

, but often are unreported
77

. In some cases,  
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Figure 2.2:  (A) A representative Michaelis-Menten curve for GOx obtained with a 

GOx/N-CNT biosensor and (B) the sensitivity of the N-CNT/GOx 

biosensors to Ag
+
 as a function of the operating glucose concentration (0.1 

M SPB, pH 7.0, rotation rate 4000 rpm). Vmax is the maximum rate achieved 

by the system. 
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especially those with irreversible inhibition, the biosensor is incubated in inhibitor 

solution for several minutes (often 10 min+) at each step in the calibration curve.
60,84

 This 

technique can result in faster response times and lower detection limits; however, the 

incubation time must also be considered in the overall biosensor performance. In this 

work, the total time is taken into account, as several parameters (vide infra) were 

investigated using response time as a differentiating metric, subsequently forming a 

functional enzyme inhibition-based biosensor.  

2.3.3 Optimization of the Concentration of GOx During Adsorption 

The concentration of the GOx solution used for spontaneous adsorption onto the 

N-CNT modified GC electrode was varied from 0.1 mg/mL to 50 mg/mL, in order to 

determine its effect on response time to Ag
+
 inhibition.  For all GOx concentrations, N-

CNTs were placed in solution for exactly thirty seconds.  Figure 2.3 displays the drop in 

enzymatic activity for a single 5 μM addition of Ag
+
, introduced into solution at t = 240s.  

It is clear from Figure 2.3 that the amount of GOx adsorbed on the surface of the 

electrode plays a significant role in the inhibitive response time.  Lower concentrations of 

GOx, where there is less GOx adsorbed on the N-CNT surface, result in a much faster 

response time (less than 200 seconds), whereas the 50 mg/mL bioelectrode took nearly 

700 seconds to reach steady-state after the introduction of silver. At concentrations less 

than 0.1 mg/mL, attenuation of I0 after Ag
+
 introduction becomes impossible to discern 

from noise, and are therefore not shown.  In order to achieve the fastest response time 

possible, 0.1 mg/mL was selected as the optimal GOx adsorption concentration. 
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Figure 2.3: Variation in biosensor response time as a function of the GOx concentration 

used during adsorption. Current is normalized to I0 and I, where I0  is 1 and 

I, the final steady-state current after the introduction of inhibitor, is 0 (0.1 M 

SPB, pH 7.0, operating glucose concentration at 50 mM glucose, 5 M of 

silver introduced at t = 240 s, rotation rate 4000 rpm). 
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2.3.4 Optimization of the Adsorption Time 

Since GOx adsorption onto N-CNT electrodes most likely obeys the same 

Langmuir adsorption isotherm characteristics as its cofactor, flavin adenine dinucleotide 

(FAD), the length of time the electrodes are allowed to adsorb will also dictate the 

amount of GOx adsorbed, but contribute less of a role than the adsorption 

concentration.
71

 In Figure 2.4, the amount of time N-CNTs were allowed to adsorb from 

a 0.1 mg/mL GOx solution was varied from 0.5 – 60 minutes.  Similar to the adsorption 

concentration optimization study, shorter adsorption periods (less adsorbed enzyme) here 

resulted in faster response times.  As expected, the effect of adsorption time is not as 

marked as that seen in Figure 2.3.  In fact, the shortest two time periods display nearly 

identical response times.  The two minute time period was selected over 0.5 minutes in 

order to improve reproducibility (any slight variations in the adsorption time would have 

a smaller relative effect at two minutes, than at 0.5 minutes). 

2.3.5 Optimization of the Rotation Rate 

Figure 2.5(A) presents a single 500 nM addition of Ag
+
 introduced to GOx/N-

CNT bioelectrodes as a function of rotation rate from 500 to 4000 rpm. As the rotation 

rate increases, inhibition of the enzymatic activity occurs faster, especially in the first few 

seconds after the introduction of inhibitor.  The increase in the enzyme inhibition 

response time can be attributed to the increase in mass transport of Ag
+
 ions at higher 

rotation rates.  Surprisingly, an increase in the rotation rate will also cause a decrease in 

the overall current, and conversely, a decrease in rotation rate will induced a significant 
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Figure 2.4: Variation in biosensor response time as a function of adsorption time in a 

0.1 mg/mL GOx solution. Current is normalized to I0 and I, where I0  is 1 

and I, the final steady-state current after the introduction of inhibitor, is 0. 

(0.1 M SPB, pH 7.0, operating glucose concentration at 50 mM glucose, 1.5 

M of silver introduced at t = 240 s, rotation rate 4000 rpm). 
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Figure 2.5: (A) Variation in biosensor response time with RDE’s rotation rate. Current 

is normalized between 0 and 1, where I0 is 1 and I is 0. A single, 50 mM 

addition of glucose at t = 0 was followed by an addition of silver at t = 200 

s. (B) Rotating disk chronoamperogram in which the rotation rate was 

varied mid-run (0.1 M SPB, pH 7.0). 
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increase in the overall current. A chronoamperogram is shown in Figure 2.5(B), where, 

after the introduction of a single 100 nM Ag
+
 addition, the rotation rate was increased, 

with a subsequent decrease in the overall current.  Figure 2.5(B) also shows, within the 

same chronoamperogram, a decrease in the rotation rate, which subsequently increases 

the overall current. This type of response is counter-intuitive, as one would expect the 

current from an electroactive species in solution to obey the Levich equation
100

, which 

provides the current at a rotating disk electrode, shown below (Equation. 2.2): 

      (     )    
 

 ⁄  
 

 ⁄  
  

 ⁄                        (Eqn 2.2) 

Where IL is the mass transport limited current, n is the number of electrons transferred, F 

is Faraday’s constant (96485 C/mol), D is the diffusion coefficient of the electroactive 

species,  is the angular velocity (2f, where f is frequency),  is the kinematic viscosity 

of the solvent (0.01 cm
2
/s for water), and C is the concentration of the electroactive 

species.  According the Levich equation, IL will increase with rotation rate to the one-half 

power.  The decreased current observed in this case can be attributed to a decrease in the 

residence time, since the electroactive molecule, H2O2, is being enzymatically generated 

at the N-CNT surface, where it is also electrochemically detected.  Thus, although the 

enzymatic substrate and inhibitor will display increased mass transport as a function of 

the rotation rate, the detected oxidation current from H2O2 will be decreased, since it will 

be carried away from the N-CNT surface at a faster rate with higher rotation rates, and 

have less residence time to be electrochemically oxidized at the N-CNT surface. It should 

be noted that the shift in the overall current as a function of rotation rate was observed 

before or after the introduction of Ag
+
, even though Figure 2.5(B) only displays the 
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change after Ag
+
 was introduced.  Although more total current could be achieved at 

lower rotation rates, the fastest rotation rate of 4000 rpm was selected, in order to 

minimize the biosensor’s response time. 

2.3.6 Metal Ion Detection and Analytical Figures of Merit 

The final biosensor parameters consisted of two minutes of adsorption in a 0.1 

mg/ml solution of GOx, an operating glucose concentration of 50 mM, and a rotation rate 

of 4000 rpm.  The biosensors displayed a linear range for Ag
+
 from approximately 20 – 

200 nM (R
2
 ≥ 0.999), using 12.25 nM additions of Ag

+
. Representative 

chronoamperograms displaying the current response to Ag
+
 as a function of time are 

shown in Figure 2.6.  Although the design of this enzyme inhibition-based biosensor was 

tailored to minimize the response time, 200 s were allowed to elapse between each 

addition, in order to ensure the response consistently reached steady-state. The calibration 

curve, featured in Figure 2.7, possesses a sensitivity of 2.00 x 10
8
 ± 0.06 M

-1
 which, to 

our knowledge, is the highest reported value for this type of sensor to date.
77

 The limit of 

detection (LOD), defined as 3σ/sensitivity, was determined to be 1.8 ± 0.4 nM, and is the 

lowest reported among Ag
+
 enzyme inhibition-based biosensors

73,77,84–88,101
, and 

comparable to other recently published potentiometric (LOD: 4.17 nM
92

, 0.9 nM
93

) and 

voltammetric (LOD: 1.2 nM
93

,1.5 nM
94

, 1.3 nM
95

) techniques. For evaluation of the 

working biosensors accuracy, recovery tests were also completed on 100 nM Ag
+
 

standards, with an average recovery of 101 ± 2%. Table 2.1 shows the analytical figures 

of merit with comparisons to other chronoamperometric enzyme inhibition-based Ag
+
 

sensors. 
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Figure 2.6: (A) Rotating disk chronoamperogram used to generate the Ag
+
 calibration 

curve. Initial 50 mM glucose addition at t = 200s followed by 12.3 nM Ag
+
 

additions every 200s thereafter. (B) Same figure zoomed in to show the 

steady state reached after each addition. 
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Figure 2.7: Average Ag
+
 calibration curve from the proposed inhibition-based sensor. 

Error bars are 95% confidence limits 
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Table 2.1: Comparison of Analytical Figures of Merit for Ag
+
 Enzyme-Inhibition 

Based Sensors 

 

Sensor Sensitivity 

(M
-1

) 

% 

RSD 

Limit of 

Detection 

(nM) 

Linear 

Range 

(nM) 

Operating 

Potential (V vs. 

Hg/Hg2SO4) 

Ref. 

N-CNT/GOx 2.00 x 10
8
 3.1 1.8 20 – 200 0.05 This work 

Au/GOxsolution 1.22 x 10
7
 

1.23 x 10
6
 

7.0 

5.2 

2 2 – 40 

40 – 300 

0.33 
77*

 

Au/GOxads 4.25 x 10
6
 

8.3 x 10
5
 

2.5 

4.0 

8 10 – 120 

120 – 600 

0.33 
77

 

Au/PNA/GOx 8.93 x 10
6
 

2.03 x 10
6
 

4.6 

5.6 

5 10 – 60 

60 – 300 

0.33 
77

 

Pt/PPD/GOx 
**

 3.5 50 50 – 400 0.33 
73

 

Pt/AGG/Invertase NR NR 50 50 – 500 -0.07 
84

 

NR - Not reported 

PNA: poly-(L-noradrenalin) PPD: poly-o-phenylenediamine AGG: Agarose–guar gum 

* Authors reported two, separate linear ranges for each sensor. 

** Constructed calibration curves of 1/current vs. conc. Sensitivity was 11.83 µA
-1

µM
-1
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Repeatability for a single electrode was determined from six individually prepared 

150 nM Ag
+
 samples with a wash of the electrode between each measurement.  Two 

different types of washes were employed: 1) a simple phosphate buffer wash and 2) a 

wash in phosphate buffer solution saturated with EDTA. The repeatability values were 

2.8% and 1.6% RSD, respectively; however, the two sets of six measurements were not 

statistically different, so EDTA does not appear to be necessary for biosensor restoration. 

Interestingly, no loss in sensitivity was observed over the course of the six measurements.  

Although there was a slight loss in adsorbed enzyme with each use (as evidenced by a 

slight diminution of I0), the percent inhibition of the remaining enzyme by Ag
+
 (and 

therefore the sensitivity) remained unchanged. Thus, the amount of adsorbed enzyme 

does not affect the sensitivity, provided measurements are plotted in % inhibition vs. 

inhibitor concentration.  Additionally, the linear range of the Ag
+
 sensor can be tuned by 

adjusting the operating glucose concentration. For example, the linear range for a 

biosensor operating in a very low (2 mM) concentration of glucose, will be 100 – 800 nM 

Ag
+
, as displayed in the Figure 2.8. 

The GOx/N-CNT biosensor was evaluated with two other metal ions, Cu
2+

 and 

Co
2+

, and the resulting % inhibition vs. inhibitor concentration plots are shown in Figures 

2.9(A) and 2.9(B), respectively.  Unlike silver, these measurements were made in pH 6.0 

acetate buffer, due to the extreme insolubility of Cu3(PO4)2 and Co3(PO4)2. The biosensor 

was more than two orders of magnitude less sensitive to Cu
2+

 (slope: 1.45 ± 0.05 x 10
6
 

M
-1

) and nearly five orders of magnitude less sensitive to Co
2+

 (slope: 2.69 ± 0.07 x 10
3
 

M
-1

), compared to Ag
+
. 
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Figure 2.8: Ag
+
 calibration curve generated with an initial 2 mM glucose addition 

instead of 50 mM. The linear range has been shifted to 100 – 800 nM Ag
+
 

(R
2
 ≥ 0.999) 
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Figure 2.9: Percent inhibition vs. inhibitor concentration plots for (A) Cu
2+

 and (B) Co
2+

 

(0.1 M acetate buffer, pH 6.0, error bars are 95% confidence limits) 
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2.3.7 Mode of Inhibition and Determination of the Inhibition Constant 

The mechanisms of Ag
+
 and Cu

2+
 inhibition of GOx were determined through 

Dixon and Cornish-Bowden (CB) plots, shown in Figure 2.10 (A-D). The combination of 

these linearized graphing methods allows for a relatively straightforward deduction of 

both the inhibition mode, and the value of the related inhibition constants, Ki and Ki’.
102

 

Ki is the dissociation constant of the enzyme-inhibitor complex, while Ki’ is the 

dissociation constant of the enzyme-substrate-inhibitor complex (and therefore only 

associated with uncompetitive, mixed, and non-competitive inhibition).  For both Ki and 

Ki’, smaller values indicate a stronger interaction with the inhibitor.  Both Ag
+
 and Cu

2+
 

were found to inhibit GOx with a mixed-type interaction (meaning the metal ion binds to 

both the enzyme and the enzyme-substrate complex) as illustrated by the single point of 

intersection observed in the Dixon and CB plots. This mode of inhibition in agreement 

with previous work.
73,76,77,103

 This analysis was not extended to Co
2+

 due to the 

biosensor’s meager sensitivity towards this metal ion, making these linearization 

techniques unworkable. 

The inhibition constants for Ag
+
, determined from these points of intersection, 

were found to be Ki = 700 ± 9 nM and Ki’ = 106 ± 5 nM; the constants for Cu
2+

 were Ki 

= 84 ± 3 µM and Ki’ = 23.3 ± 0.7 µM. These values indicate that these metal ions bind 

much more strongly to the GOx-glucose complex than to GOx alone.  This is most likely 

why the biosensor’s sensitivity to silver grew significantly as the operating glucose 

concentration was increased. Additionally, the substantial (two orders of magnitude) 

difference between the biosensor’s sensitivity to Ag
+
 and Cu

2+
 is mirrored by a  
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Figure 2.10: (A) Ag
+
 Dixon Plot (B) Ag

+
 Cornish-Bowden Plot (C) Cu

2+
 Dixon Plot (D) 

Cu
2+

 Cornish-Bowden Plot 
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comparably large difference in the inhibition constants.  

2.3.8 N-CNT Coordination of Silver Ions 

While oxidized/functionalized CNT sheets have been previously used as an 

adsorbent material for heavy metals in solution
104–106

, there is no published work, to our 

knowledge, concerning the metal ion adsorption properties of N-CNTs.  To determine if 

Ag
+
 adsorption was occurring on the N-CNTs, an N-CNT electrode (without adsorbed 

GOx) was submerged in a 1.0 µM solution of Ag
+
 (four times the highest Ag

+
 

concentration in the sensor’s linear range), for a period of thirty minutes. Cyclic 

voltammograms, cycled to a high negative potential (-1.4 V) in order to first reduce any 

Ag
+
 present, were obtained before and after this adsorption period. As seen in Figure 

2.11, a silver anodic stripping peak will occur at -0.20 V vs. Hg/Hg2SO4, and the 

presence of such a peak would indicate adsorbed Ag
+
. However, even after adsorption in 

a high Ag
+
 concentration, adsorbed Ag

+
 was not detected (Figure 2.11). 
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Figure 2.11: Selected portion of CV highlighting the silver stripping peak around -0.20 

V. CVs were cycled between +0.2 V and -1.4 V in pH 7.0, 0.1 M SPB at a 

scan rate of 10 mV/s 
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2.4 CONCLUSION 

N-CNTs have been paired with spontaneously adsorbed GOx to create a simple, 

yet highly sensitive biosensor for aqueous silver ions. The biosensor displayed a 2.00 x 

10
8
 ± 0.06 M

-1
 sensitivity towards Ag

+
, the highest reported sensitivity for a sensor of this 

type, attributed to the extremely high electrocatalytic activity of N-CNTs towards 

enzymatically generated H2O2. The sensor also displayed a detection limit of 1.8 ± 0.4 

nM and a linear range of 20 – 200 nM, with an optimized response time of less than 200 

s. Repeated use of the sensor did not result in a loss of sensitivity, nor did the N-CNTs 

appreciably adsorb Ag
+
. For these reasons, the enzyme inhibition-based biosensor 

presented here is a promising candidate for environmental metal ion monitoring and 

toxicity testing. 
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Chapter 3: 

A Comparison of Immobilization Methods for Methylene Green-

Mediated Oxidation of NADH on Carbon Nanotube Electrodes* 

3.1 INTRODUCTION 

The ubiquity of dihydronicotinamide adenine dinucleotide (NAD
+
) as a cofactor 

among naturally occurring enzyme-catalyzed reactions has led to a considerable interest 

surrounding the electrochemical oxidation of NADH, the reduced form of the NAD
+
/ 

NADH redox couple. For instance, various NAD
+
-dependent dehydrogenase enzymes 

have been incorporated into biofuel cells
107–109

, requiring the efficient regeneration of 

spent NAD
+
. Also, biosensing schemes based on the oxidative detection of enzymatically 

generated NADH have been developed for several analytes, including glucose
21,110,111

, 

lactate
112,113

, and ethanol
114,115

. There are, however, some serious challenges associated 

with NADH oxidation. The two electron/one proton reaction, as shown in Equation 3.1, 

is highly irreversible, necessitating large overpotentials on bare electrodes.
116

 This leads 

to a lack of selectivity in first generation NADH-based biosensors (due to the oxidation 

of interferents) as well as high background currents, which reduce sensitivity. Electrode 

passivation is another major issue, which results from the strong adsorption of NAD
+
 and 

side-products, frequently dimers of radicals, generated during the oxidation reaction.
117

 

                                                                            (Eqn 3.1) 

                                                 
* Portions of this chapter appear in Goran, J.M.; Favela, C.A.; Rust, I.M.; Stevenson, K.J. J.Electrochem. 

Soc. 2014, 161 (13), H3042-H3048.  Work by Goran, Favela, and Rust. Supervised by Stevenson. 
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 The use of redox mediators has proven to be an effective way to address these 

issues, as they are capable of drastically reducing the overpotential required. Water 

soluble organic (phenazine, phenoxazine, phenothiazine) dyes are attractive options due 

to their outstanding mediating ability and low cost.
118,119

 Methylene green (MG) is a 

phenothiazine dye that displays particularly strong catalytic activity toward NADH 

oxidation due to its low formal potential and structural similarity to the naturally-

occurring flavonoid ordinarily responsible for oxidation.
120

 When introduced in solution, 

however, MG tends to contaminate the reference/counter electrodes and electro-deposit 

on the surface of the working electrode during the course of analysis.
121

 It is therefore 

preferential to first immobilize the dye on the surface of the working electrode, resulting 

in what is termed a ‘mediator-modified’ electrode. Immobilization of MG is most 

commonly achieved through electropolymerization, which deposits a relatively stable 

thin film of poly-MG.
46–49

 

 Carbon materials, such as carbon nanotubes (CNTs), have also been investigated 

as a means of electrode modification due to their ability to electrocatalyze NADH 

oxidation as well as reduce the occurrence of surface fouling. The coupling of CNTs with 

MG was therefore a natural progression and has been shown through various studies to be 

highly effective, producing a synergistic catalytic effect.
46,49,50

 In these studies, 

immobilization has been accomplished through either electropolymerization or 

adsorption onto the CNT surface. Included in this chapter is a direct comparison of the 

electrocatalytic capabilities of the two immobilization techniques, in an attempt to 

determine which of the two methods is more effective for coupling the redox mediator 
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and carbon electrode material. A simple physical adsorption immobilization technique is 

used here, meaning the reactions occurring at the electrode/surface interface are not 

complicated by surfactants, binders, or dispersion agents, as in other studies. 

Additionally, the electrocatalytic nature of CNTs can actually be even further 

augmented through doping with nitrogen (N-CNTs), which introduces edge plane defects 

and leads to faster electron transfer.
31,32

 N-CNTs doped at 7.4 at% have been shown to 

lower the overpotential required for NADH oxidation by up to 170 mV compared to non-

doped CNTs.
21

 Thus, also included in this chapter is a direct comparison of the 

electrocatalytic activity of the N-CNT/MG and CNT/MG couples. Finally, in an attempt 

to elucidate the exact nature of the redox-mediated electrochemical reaction involved 

here, the spontaneous reaction of MG and NADH was studied in solution via UV-Vis 

spectrophotometry. 

3.2 EXPERIMENTAL 

3.2.1 Chemicals 

Methylene Green zinc chloride double salt, β-nicotinamide adenine dinucleotide 

dipotassium salt, and m-xylene (anhydrous) were acquired from Sigma Aldrich. Sodium 

hydroxide, pyridine, sodium phosphate monobasic monohydrate, and sodium phosphate 

dibasic (anhydrous) were obtained from Fisher. Bis(cyclopentadienyl)iron (ferrocene) 

was purchased from Alfa Aesar. Ethanol (anhydrous) was purchased from Pharmco-

AAPER. Ultrapure water (≥18 MΩ cm) was used throughout. 
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3.2.2 Synthesis of CNTs/N-CNTs 

CNTs and N-CNTs with 7.4 ± 0.5 atom% N were synthesized via the same 

floating- catalyst CVD process described in section 2.2.2.  

3.2.3. Modification of GC Electrodes with CNTs/N-CNTs 

Glassy carbon rotating disk electrodes (PINE Instruments AFE2M050GC ) were 

modified with 24 μg of physically adsorbed CNTs or N-CNTs via a simple drop-casting 

technique. Homogeneous 2 mg/mL solutions of CNTs and N-CNTs were prepared in 

ethanol and sonicated for two hours (Branson ultrasonic cleaner, model 2510R-MTH). A 

single 12 μL aliquot of N-CNTs or six individual 10 μL aliquots of CNTs were then 

drop-cast on the surface of the 0.5 cm diameter electrodes via micropipette. Prior to the 

casting process, electrodes were polished with 0.05 μm alumina slurry on microcloth and 

sonicated briefly in ultrapure water to remove adsorbates. Once dried, N-CNT/CNT 

electrodes were wet as reported in section 2.2.3. Electrodes were used within two hours 

of CNT/N-CNT modification. 

3.2.4 Electrochemistry and Immobilization of MG 

 Electrochemical measurements were carried out in a traditional three electrode 

cell including a Hg/Hg2SO4 reference electrode (CH Instruments, +0.64 V vs. SHE) and a 

coiled Au counter electrode. Cyclic voltammograms, presented here with positive 

cathodic currents and negative anodic currents, were obtained with an Autolab 

PGSTAT30 potentiostat (GPES software version 4.9). All electrochemical experiments 

were completed in 0.1 M, pH 7.0 sodium phosphate buffer (SPB). Just before MG 
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immobilization, the N-CNT and CNT modified electrodes were cycled between 0.0 V 

and -1.2 V (vs. Hg2SO4) at 100 mV/s in order to passivate electroactive iron present in 

the CNT/N-CNTs from the synthesis process. 

 MG immobilization was achieved two separate ways: via spontaneous physical 

adsorption and electropolymerization. For adsorption, the CNT/N-CNT electrodes were 

submerged in a 500 μM solution of MG in 0.1 M SPB for thirteen minutes, matching the 

amount of time necessary for the MG electropolymerization process. Following 

adsorption, the (N)CNT-MG-modified electrode was briefly rinsed with 0.1 M SPB and 

then put in 0.1 M SPB solution for a total of sixty minutes. This step was added to allow 

for some desorption of the MG to occur, ensuring that the adsorbed MG layer was not 

rapidly desorbing during the course of subsequent measurements. Electropolymerization 

was accomplished using two different potential windows, in order to obtain ‘partial’ and 

‘complete’ polymerization of the MG. Partial polymerization was included in order to 

provide an intermediate point between adsorbed MG and fully polymerized MG, as the 

partially-polymerized films are of intermediate thickness. Complete 

electropolymerization was carried out by cycling the electrode ten times from −1.0 V to 

0.6 V at 50 mV/s in 500 μM MG. Partial polymerization required only three cycles in a 

slightly smaller potential window of −1.2 V to 0.3 V. The electropolymerized-MG 

electrodes were rinsed in the same manner as the adsorbed MG electrodes, but not 

subjected to a sixty minute desorption step due to increased stability of the films. 
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3.2.5 Spectrophotometry 

Spectrophotometric analysis  was carried out with an Agilent 8453 UV-Visible 

spectrophotometer (UV-Visible ChemStation software) equipped with a deuterium lamp 

and photodiode array detection. In the MG-NADH kinetics experiments, reactions were 

carried out in a 1 cm path length quartz cuvette, and full 190-1100 nm wavelength spectra 

were acquired every three seconds over the course of sixty minutes. A molar absorptivity 

coefficient (ε) of 6200 M
-1

cm
-1

 was used for NADH at 340 nm, which is a value 

previously reported elsewhere
47,49

. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Spontaneous Adsorption of MG on CNT/N-CNT/GC Electrodes 

Methylene green undergoes a two-step, two-electron redox process, resulting in 

two sets of redox peaks. Cyclic voltammograms (CVs) of CNT, N-CNT, and glassy 

carbon (GC) electrodes are shown in Figure 3.1, acquired before and after modification 

with MG by spontaneous physical adsorption. Two peaks are observed at both types of 

CNT electrodes, but are not plainly visible for the GC electrode. Half wave potentials 

(E1/2) for each of the peaks are shown in Table 3.1, with N-CNTs having a slightly more 

positive E1/2 than the non-doped CNTs by 10 mV.  This shift has been observed 

previously
71

 and is likely attributed to the heightened conductivity and hydrophilicity of 

the N-CNTs. Surface coverage (Γ) of the MG adsorbed layer was calculated based on 

Equation 3.2, shown below:                                   

                                                             (  )                                                  (Eqn 3.2) 
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Figure 3.1 CVs obtained using (a) non-doped CNT (b) N-CNT and (c) GC electrodes 

before and after modification with MG by physical adsorption. A scan rate 

of 100 mV/s was used. 
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Table 3.1 Half-wave potentials and surface coverages (Γ) associated with CNT, N-

CNT, and GC electrodes modified with physically adsorbed MG 

 E1/2 (V) Γ (nmol) 

CNT -0.52 ± 0.01 

-0.67 ± 0.01 

1.3 ± 0.2 

N-CNT -0.51 ± 0.01 

-0.66 ± 0.01 

2.0 ± 0.2 

GC N.D. 0.013 ± 0.003 

                         N.D. - Not Detected. E1/2 given vs. Hg/Hg2SO4 

  

 

where Q (Coulombs) is the charge associated with the reduction/oxidation of the 

adsorbed layer, as determined by the area under each wave, F is Faraday’s constant 

(96485 C/mol) and n is the number of electrons transferred (n=2). These Γ values, which 

also appear in Table 3.1, show an approximately 50% increase in adsorption on N-CNTs 

compared to non-doped CNTs, which is a reflectance of their increased surface area. GC  

electrodes display the lowest Γ, which is a result of their decreased surface area and a 

lack of π- π stacking interactions which have been shown to play a large role in MG 

adsorption.
122

 While MG can strongly interact via π- π stacking with the polyaromatic 

surface of the nanotubes
123,124

, the small, randomly oriented graphitic crystallites that 

make up GC do not allow for such interactions
125

. 

 In the presence of 2 mM NADH, the more positive peak (with E1/2 around -0.52 V 

for CNTs) displays a noticeable increase in the anodic peak current (Figure 3.2), 

unequivocally indicating that it is this electron transfer which is associated with the  
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Figure 3.2 CVs obtained using (a) non-doped CNT (b) N-CNT electrodes modified 

with physically adsorbed MG before and after the introduction of 2 mM 

NADH. Ep for NADH oxidation is -0.51 ± 0.01 V and -0.48 ± 0.01 V, for 

CNTs and N-CNTs, respectively. A scan rate of 10 mV/s was used. 
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oxidation of NADH. The other electron transfer with E1/2 at -0.67 (CNTs) does not 

change. The peak potentials (Ep) for MG-mediated NADH oxidation shift just slightly, to 

-0.51 ± 0.01 V (CNTs) and -0.48 ± 0.01 V (N-CNTs), however these are almost identical 

to the original MG E1/2 peaks (Table 3.1), indicative of nearly ideal electron transfer. The 

CNT-modified electrodes exhibit marginally better catalytic abilities than the N-CNTs. 

This difference is again attributed to the increased hydrophobicity of the CNTs, which 

results in MG adsorbed more closely to the electrode surface, effectively decreasing the 

electron tunneling distance required.  

3.3.2 Electropolymerization of MG on CNT/N-CNT/GC Electrodes 

 In order to make a direct, quantitative comparison of the adsorption and 

electropolymerization methods for MG immobilization, electrodes were also prepared 

with electrodeposited poly-(MG) films. Figure 3.3 displays representative CVs obtained 

with GC, CNT, and N-CNT electrodes modified with either fully polymerized MG, 

partially polymerized MG, or without MG modification, each in the presence or absence 

of 2 mM NADH.  The peak potentials (Ep) associated with NADH oxidation for each of 

these electrodes are shown in Table 3.2, along with a comparison to the corresponding Ep 

values from the absorbed-MG electrodes presented in Figure 3.2.  

For all three carbon electrodes, modification with poly-(MG) showed catalytic 

enhancement for NADH oxidation, however some notable trends emerged. On N-CNT 

and CNT electrodes, any polymerization of the MG resulted in worse performance (a 

higher Ep) compared to adsorbed MG, suggesting that the polymerization process 

introduces some source of overpotential. Furthermore, partially polymerized MG was  
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Figure 3.3: CVs obtained with (left) GC, (middle) CNT, and (right) N-CNT electrodes 

with (top) no MG, (middle) partially polymerized MG, or (bottom) fully 

polymerized MG in the presence or absence of 2mM NADH. Scan rate of 

10 mV/s. 
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Table 3.2 Peak NADH Oxidation Potential for GC, CNT, and N-CNT electrodes with 

or without MG Modification. (V vs. Hg/Hg2SO4) 

 GC CNT N-CNT 

Without MG* 0.17 ± 0.05 -0.13 ± 0.02 -0.28 ± 0.02 

Polymerized MG* -0.12 ± 0.06 -0.43 ± 0.02 -0.44 ± 0.01 

Partially Polymerized MG* -0.10 ± 0.03 -0.49 ± 0.01 -0.47 ± 0.01 

Adsorbed MG** N.D. -0.51 ± 0.01 -0.48 ± 0.01 

* Figure 7   ** Figure 2    N.D. – Not Detected 
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superior to fully polymerized MG (on CNTs/N-CNTs), indicating that this overpotential 

is a function of the thickness of the polymerized film – a larger driving force is required 

to transfer charge through thicker films. The opposite trend was actually observed on GC 

electrodes, however this is a result of extraordinarily weak adsorption by MG on GC. On 

the bare electrodes (without MG modification), N-CNTs exhibited the greatest catalytic 

capabilities, matching previous reports
21

. However, the inherent catalytic superiority of 

N-CNTs (versus CNTs) was effectively masked with the introduction of MG 

modification. In every case the MG/CNT couples outperformed or were indistinguishable 

from MG/N-CNTs. 

3.3.3 The Spontaneous Oxidation of NADH by MG in Solution 

The use of MG-modified CNT/N-CNT electrodes for the detection of NADH is 

dependent on a two-step reaction, in which the first step is the spontaneous oxidation of 

NADH by immobilized MG. This step is then followed by electron transfer from reduced 

MG to the CNT/N-CNT surface. The second step is characterized by facile kinetics as 

shown by the fairly reversible redox peaks which appear in Figure 3.1. The kinetics of the 

first step, however, have not been well established and may influence the rate of the 

observed electrochemical reaction. Through spectrophotometric analysis of the 

spontaneous oxidation of NADH by MG in solution, it was possible to determine rate 

constant of this vital step. 

 Figure 3.4(a) displays UV-visible spectra of a 100 μM NADH (in 0.1 M SPB) 

solution, observed over the course of an hour. NADH, which was monitored using its 

absorbance at λ=340 nm, is known to undergo slight degradation in phosphate buffers
126

,  
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Figure 3.4: UV-vis spectra of (a) 100 µM NADH and (b) 100 µM NADH + 15 µM MG, 

monitored over the course of one hour. 
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although this was found to not exceed 3% per hour. The spectra shown in Figure 3.4(b) 

contain the same concentration of NADH in the presence of 15 μM MG (which does not 

absorb significantly at 340 nm); the disappearance of NADH here is much quicker, 

indicating the rapid spontaneous oxidation of NADH by MG. 

 The reaction between phenothiazine dyes (such as Methylene Blue) and NADH 

has been shown to proceed through an intermediate complex
127,128

, as demonstrated in 

Equation 3.3 below for MG.  

                       
 

↔          
 
                               (Eqn 3.3) 

In this reaction the second step is rate-limiting
127

, so the observed rate constant is k. 

Under aerobic conditions, the MGH product is spontaneously oxidized back to MG
+
, 

therefore the reaction cannot be monitored through a decrease dye absorbance. However, 

due to the invariance of MG
+
 in solution, the oxidation rate of NADH can be determined 

by treating the system as pseudo-first order and following the decrease in [NADH].
127

 

Figure 3.5(A) presents a plot of the observed reaction rate as a function of the initial 

NADH concentration ([NADH]0) while holding the [MG]0 constant at 14.4 µM. A double 

reciprocal plot of 1/rate versus 1/[NADH]0, presented in Figure 3.5(B), can then be used 

to determine the rate constant as well as the dissociation constant (Kd) of the MG*NADH 

complex.
128

 The rate constant was found to be 0.32 min
-1

, while Kd was determined to be 

0.20 mM. 
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Figure 3.5: (A) The observed rate for the spontaneous oxidation of NADH by MG (as 

monitored by a decrease in absorbance at λ = 340 nm) plotted versus initial 

NADH concentration. The initial MG concentration was held constant at 

14.4 µM. (B) The associated double-reciprocal plot. 

 



 52 

3.4 CONCLUSION 

 Spontaneous adsorption has been shown to be the more effective method for 

coupling MG with CNT and N-CNT electrodes. Electropolymerized MG displayed a 

slight loss of catalytic activity, as the electrodes required a slightly larger overpotential in 

order to transfer charge through the poly-(MG) film. Thicker films were associated with 

larger overpotentials. CNT and N-CNT electrodes modified with MG were nearly 

indistinguishable in performance, with the CNT/MG couple slightly outperforming the 

N-CNT couple in most cases. MG effectively masked the catalytic enhancement of CNTs 

offered by N-doping. Finally, the rate constant for the spontaneous oxidation of NADH 

by MG in solution was determined through UV-vis spectrophotometric analysis to be 

0.32 min
-1

. Future studies will examine adsorbed MG on CNT/N-CNT electrodes for use 

in biosensing schemes involving NAD
+
-dependent dehydrogenase enzymes. 
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Chapter 4: 

Future Directions – Enzyme-Inhibition Based Detection of Sucralose 

4.1 INTRODUCTION 

Sucralose is an artificial sweetener synthetically produced from sucrose by the 

selective substitution of three hydroxyl groups with chlorine atoms. Possessing a 

sweetness approximately 600 times that of sucrose
129

, it is now used extensively as a food 

additive. Being a non-caloric sweetener, the human body does not appreciably absorb or 

metabolize sucralose, resulting in it being excreted from the body without 

transformation.
130

 Due to its exceptional aqueous stability, sucralose remains highly 

resistant to degradation in wastewater treatment facilities.
131,132

 As a result, sucralose has 

recently been reported to be an ever-increasingly widespread contaminant of wastewater, 

groundwater, and surface water, often found at ppb levels.
133–135

 Considering the long 

term health effects resulting from chronic exposure to sucralose are still unknown, there 

is a growing need for reliable analytical techniques with which to measure aqueous 

sucralose concentrations. And perhaps even more importantly, the detection of sucralose 

has been shown to be useful for tracing anthropogenic contamination of surface 

waters.
136–138

 

Sucralose is most commonly quantified through LC-MS and GC-MS 

methods
139,140

, though the use of a cheaper, more portable electrochemical technique 

could offer some obvious benefits. One lipid film based electrochemical sensor has been 

reported by Nikolelis et. al.
141

 Conventional biosensing schemes are not an option 

because sucralose, an artificial compound, does not act as an enzymatic substrate. 
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However, Omran et. al. recently reported
142

 that sucralose competitively inhibits 

invertase, which is an enzyme that catalyzes the hydrolysis of sucrose into glucose and 

fructose. Therefore, an inhibition-based biosensing scheme could be conceived in which 

invertase and GOx are co-immobilized and once again an attenuation of H2O2 production 

is monitored. The scheme, shown below in Equation 4.1, is slightly complicated by the 

fact that invertase hydrolyzes sucrose into the α-D isomer of glucose, while GOx requires 

the β-D form.  

            
         
→                                

           
 

             

                                  

   
→                                      (Eqn 4.1) 

Therefore, the full scheme requires three steps: the hydrolysis of sucrose into α-D-

glucose, followed by mutarotation of α-D-glucose to β-D-glucose, and finally the 

oxidation of β-D-glucose, forming redox active H2O2, which is detected at the electrode 

surface. Thus, the sensor described could behave both as a sucrose biosensor and an 

inhibition-based sucralose sensor.  

Essential to this detection scheme is the mutarotation step, which would require 

catalysis for a reasonable bioelectrode response time. Mutarotation does occur 

spontaneously in solution – in the time-span of a few hours at room temperature, a 

solution of α-D-glucose will equilibrate to approximately 64% β form and 36% α form.
143

 

Heating the buffer solution would be the simplest and most obvious catalytic method. 

Another option would be to integrate the enzyme aldose 1-epimerase (also known as 

mutarotase), which tends to be considerably costlier than the first two enzymes, but 
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effectively catalyzes this mutarotation reaction. This would require tri-enzymatic 

immobilization, which has been accomplished in previous sucrose-biosensing 

schemes.
144–147

 Interestingly, phosphate ions have also displayed an ability to catalyze 

this mutarotation reaction, for reasons not necessarily well understood.
148,149

 The work 

herein employs a combination of heating and phosphate ion catalysis for the mutarotation 

step.  

The efforts presented in this chapter represent the first attempt to co-immobilize 

two enzymes on N-CNT electrodes for the purposes of a biosensing scheme. 

Immobilization was accomplished, as in the previous chapters, by spontaneous physical 

adsorption  

4.2 EXPERIMENTAL 

4.2.1 Enzymes and Chemicals 

Glucose oxidase (Type X-S from Aspergillus niger, E.C. 1.1.3.4, lyophilized 

powder, 100-250 U/mg), invertase (Grade VII from Saccharomyces cerevisiae, E.C. 

3.2.1.26, lypholized powder, ≥300 U/mg), sucrose (ACS reagent grade), sucralose (≥ 

98.0%), and α-D-Glucose (96%) were acquired from Sigma Aldrich. Sodium hydroxide, 

pyridine, sodium phosphate monobasic monohydrate, and sodium phosphate dibasic 

(anhydrous) were purchased from Fisher. Bis(cyclopentandienyl) iron (ferrocene, 99%) 

was obtained from Alfa Aesar. Ethanol (anhydrous) was purchased from Pharmco-

AAPER. 
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4.2.2 N-CNT Synthesis and Biosensor Construction 

N-CNT synthesis was identical to that described in section 2.2.2. Biosensors were 

constructed in the same manner outlined in section 2.2.3, except that a solution 

containing both 5 mg/mL invertase and 5 mg/mL GOx was used during the two-minute 

adsorption period. Additionally, a simpler β-D-glucose sensitive biosensor with only 

immobilized GOx (no invertase) was also used for some initial testing; immobilization 

was achieved by adsorption for two minutes in 5 mg/mL GOx solution. 

4.2.3 Electrochemistry 

Electrochemical experiments were carried out in a five-neck 125 mL glass cell 

with a coiled Au counter electrode and a Hg/Hg2SO4 reference electrode (CH 

Instruments, +0.64 V vs. SHE). Sodium phosphate buffer (0.6 M, pH = 7.0) was used 

throughout, although concentrations ranging from 0.1 – 1.0M were also studied. The 

buffer solution was maintained at 39 ± 0.5° C during the course of the analysis via a 

heating mantle (Chemglass CG-10000-03).  Bio-electrodes were rotated at 1500 rpm with 

a Pine Instruments AFMSRX analytical rotator and chronoamperometric measurements 

were collected using an Autolab PGSTAT30 potentiostat (Autolab GPES software, 

version 4.9) poised at +0.05 V vs. Hg/Hg2SO4 for H2O2 oxidation, as in Chapter 2. 

Section 2.2.4 discusses the details of enzymatic inhibition for electrochemical 

quantitative analysis. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Mutarotation Catalysis 

In order to better understand the extent to which temperature affects the rate of the 

spontaneous mutarotation of α-D-glucose into β-D-glucose, this mutarotation step was 

monitored at two different temperatures: 25° and 40° C. A 40° C temperature was chosen 

as it represents the highest feasible temperature before the thermal denaturation of GOx, 

which typically just above 40°C.
69

 First, a 0.1 M solution of 96% α-D-glucose was 

prepared in (25° or 40°C) 0.1 M SPB and promptly shaken for a period of exactly sixty 

seconds. This solution was then immediately introduced into an electrochemical cell held 

at a room temperature and the electrochemical response was monitored with a β-D-

glucose sensitive biosensor (described in section 4.2.2). The result is shown in Figure 4.1, 

which presents the biosensor’s chronoamperometric response following the addition of 

the glucose solution at t= 200s. The initial spike in current response illustrates the extent 

to which the mutarotation reaction had proceeded during the sixty seconds, followed by a 

slow rise in current related to the mutarotation reaction approaching completion. At room 

temperature, the reaction had reached roughly 37% completion in the sixty seconds, 

while at 40°C the reaction was about 82% complete. Therefore, this elevation in 

temperature appears to approximately double the rate of the mutarotation reaction, which 

will immensely aid biosensor response time. 

Phosphate ion catalysis of glucose mutarotation was also examined at various 

SPB concentrations in order to determine an optimum concentration for biosensor  
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Figure 4.1: Chronoamperometric response of a β-D-glucose sensitive biosensor to a 1 

mL addition of 0.1 M 96% α-D-glucose which was mixed at 25° or 40° C 

for exactly 60 seconds. Glucose solution was added at t = 200s. (0.1 M SPB, 

room temperature, 1500 rpm rotation rate) 
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response. Similar to the previous experiment, solutions of 0.1 M 96% α-D-glucose were 

prepared in 0.1 – 1.0 M SPB and mixed for a period of thirty seconds at 40° C. A 1 mL 

aliquot of this solution was then introduced to the electrochemical cell and monitored 

once again with a β-D-glucose sensitive biosensor. In Figure 4.2, the immediate current 

response upon addition of the glucose solution is plotted versus SPB concentration. It is 

clear from this plot that phosphate ions have some catalytic effect on the mutarotation of 

glucose, as the current response increases concomitantly with SPB concentration until 

about 0.6 M. For this reason, a SPB concentration of 0.6 M was chosen as optimum for 

catalysis of the mutarotation step. 

4.3.2 Sucrose Sensing and Sucralose Inhibition-Based Sensing 

 Sucralose is a competitive inhibitor of invertase, meaning it inhibits invertase 

activity by competing with sucrose for the binding site of the enzyme. While competitive 

inhibition has been utilized in previously
150,151

 reported inhibition-based biosensing 

schemes, this type of inhibition can be more difficult to integrate. The implementation of 

any inhibition-based biosensing method is first dependent on the biosensor’s ability to 

generate a sizeable (and therefore attenuatable) current in response to substrate. In other 

words, a high sensitivity with respect to substrate concentration is required. This is 

especially important in competitive-inhibition schemes, because here the dynamic range 

of the biosensor will be very closely tied to the operating substrate concentration. If a 

large operating substrate concentration is required to generate a sizeable I0 current (due to 

the biosensor’s poor sensitivity to the substrate), large inhibitor concentrations will be  
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Figure 4.2: Immediate current response of a β-D-glucose sensitive biosensor to a 1 mL 

addition of 0.1 M 96% α-D-glucose which was mixed for 30s in SPB 

concentrations varying from 0.1 – 1.0 M. Error bars are 95% confidence 

intervals, n = 3. (In 0.1 M SPB, 40° C, 1500 rpm rotation rate) 
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required to attenuate that signal. This is not true in systems of uncompetitive or mixed-

type inhibition (see Section 2.3.1). 

Figure 4.3 presents the chronoamperometric response of the invertase-GOx 

biosensor to 0.2 mM additions of sucrose followed by 0.5 mM additions of sucralose. 

The biosensor displays a poor sensitivity to sucrose, never reaching anodic currents 

above 2 μA, which makes easily-discernable attenuation of the I0 current difficult. There 

could be a number of reasons for this lack of sensitivity, the most obvious of which 

would be the rapid desorption of enzyme during the course of analysis at the elevated 

40°C temperature. Some preliminary testing determined, however, that while there was 

increased desorption at 40° C, it was no more than 15% greater than that which occurs at 

room temperature and the vast majority of enzyme still remains immobilized at higher 

temperatures (data not shown). Inadequate catalysis of the mutarotation step is another 

possible origin of the poor signal, which could be aided by the co-immobilization of 

mutarotase, of course. Nonetheless, Figure 4.3 does display a working sucrose sensor also 

capable of inhibition-based sucralose sensing, as evidenced by the small drop in current 

with each sucralose addition. But these sucralose additions are in the low mM range, 

making this biosensor in its current state not very applicable for environmental use. 
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Figure 4.3: GOx-invertase biosensor chronoamperometric response to 0.2 mM additions 

of sucrose, followed by 0.5 mM additions of sucralose. (In 0.6 M SPB, 40° 

C, 1500 rpm rotation rate) 
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4.4 CONCLUSION 

The work presented here represents initial efforts towards a novel enzyme-

inhibition based scheme for the detection of sucralose. Work from Chapter 2 has been 

extended to non-metal inhibition, which shows that inhibition-based biosensing on N-

CNT electrodes could have a wealth of possible applications. Detection of sucralose is 

possible with this invertase-GOx combination biosensing scheme, but initial biosensors 

displayed a propensity for mM-regime detection. This may simply be due to the nature of 

competitive inhibition, but could also be related to the biosensor’s poor sensitivity to 

sucrose. Some difficulties also arose in sucrose detection due to the need for glucose 

mutarotation, but it’s possible this could be addressed by the integration of mutarotase 

catalysis. 
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