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Chapter 1: Introduction 

 

Ligands within the field of inorganic chemistry are defined as “organic or main-

group molecules or ions that bind to metal centers to generate coordination complexes.”2 

Ligands are a vast group of molecules, which can be defined by (1) size and/or shape, 

(2) reactivity, and (3) donor capacity to name a few (Figure 1.1). The complexity and 

versatility of ligands as it relates to coordination complexes makes ligand design an 

important aspect of inorganic chemistry.  

 

 

Figure 1.1. Ligand examples showing general ligand classifications used within the inorganic 
community.2-5 

 

Bioinorganic chemistry exists at the interface of classical inorganic chemistry and 

biology.6 Specifically, bioinorganic chemistry focuses on the roles of transition metals in 

fundamental life processes, including the study of naturally occurring inorganic elements 

in biology or the introduction of metals into biological systems as diagnostics or 
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therapeutics agents.6 Table 1.1 outlines the biological functions of Mn, Fe, Co, Ni, Cu, 

and Zn, first row transition metals of focus for many in the bioinorganic field including the 

Green research group. 

 

Table 1.1. Biological functions of selected first-row transition metals.6-11 

Metal (Common oxidation states) Function References 
Mn (+2, +3, +4) Photosynthesis (PSII) 7 
Fe (+2, +3) Oxygen transport (hemoglobin), electron transfer (3Fe-4S) 8 
Co (+1, +2, +3) Co-factor methionine synthase 9 
Ni (+2) Hydrogenase 10 
Cu (+2, +1) Oxygen transport, electron transfer 11 
Zn (+2) Structure, hydrolase 11 

 

The work contained within this document focuses on the fundamental 

understanding of metal-ligand coordination complexes and utilizing the inherent 

chemistry for ligand design and sensor development. Within this introductory chapter, a 

few main components will be discussed: (1) ligand chemistry and general considerations 

in ligand design, (2) metal ions in disease and current therapeutics, (3) metal ions in 

diagnostics including biosensor development and imaging agents, and finally (4) a basic 

introduction into the principles of cyclic voltammetry. A brief overview of chapters 2 – 5 

will be presented at the conclusion of this introductory chapter.  

 

1.1. General ligand classifications and theories in coordination chemistry 

 In metal-ligand coordination complexes, ligands can be defined as Lewis bases or 

electron donors while metals are Lewis acids or electron acceptors. Specific insights into 

electronic properties of the metals as well as the environment within the coordination 

sphere of the complex can be gained through the fundamental understanding of donor-

acceptor interactions between the metals and ligands. In the division of inorganic 

chemistry, many scientists focus either directly on the metal itself or the ligand scaffold. 
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As a result, many classifications systems and foundational theories have been used to 

evaluate similarities and differences between ligands, including covalent bond 

classification (CBC), denticity, trans effect, and the spectrochemical series. A general 

overview of CBC, denticity and chelate effect, and the spectrochemical series will be 

discussed to provide an overview of the importance of ligands in coordination chemistry.  

 

Covalent Bond Classification: CBC as reported by Green and Parkin focuses on 

categorizing covalent compounds by evaluating the entire coordination complex.3 Ligands 

are considered to have neutral charge within the metal-ligand complex and defined by the 

total number of electrons donated to the metal center according to the CBC classification. 

An L-type ligand donates two electrons (Lewis base), X-type donates one electron 

(radicals), and Z-type donate zero electrons (Lewis acid) to the metal (Figure 1.2).3-4 

Ligand systems that are multidentate in nature are classified using the [LlXxZz] system 

where l, x, and z are the relative number of functionalities that correspond to L-, X-, or Z-

type. For example, cyclopentadiene (Cp) is a 5-membered carbon aromatic ring. The two 

double bonds within this structure are classified as 2 individual L-type donors and the 

alkyl group (-CH2) is a one electron donor or X-type. As such, Cp is classified as L2X.3 

These classifications used in CBC are elementary, but provide a foundation for 

understanding valence, electron count, coordination number, and mechanistic insights.3  

 

 

Figure 1.2. General overview of CBC of L-, X-, and Z- type ligands using molecular orbital theory.  
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Denticity and Chelate Effect: Denticity is the ability of a ligand to coordinate or “bite” at 

more than one point within a singular ligand species (Figure 1.3).2, 5 For example, 

ethylene diamine (en) is a bidentate ligand. Both nitrogen atoms within the ligand possess 

a lone pair that can be donated or can coordinate to a metal ion. Ethylene diamine 

tetraacetic acid (EDTA) is a hexadentate ligand. The two internal nitrogen atoms and four 

oxygen atoms within the carboxylic acid arms coordinate to the metal. In continuation, 

metal-ligand complexes favor complexation with multidentate ligands in comparison to 

that of monodentate ligands. This concept is referred to as the chelate effect.12   

 

 

Figure 1.3. Metal-ligand coordination complexes that contain multidentate ligands.  

 

 Complexes that possess more multidentate ligands, compared to monodentate 

ligands exhibit more thermodynamic stability (Figure 1.3). This phenomenon is referred 

to as the chelate effect.5, 12-13 Cotton used a general example of [Ni(NH3)6]2+ and 

[Ni(en)3]2+ to demonstrate the chelate effect (Figure 1.3).12 Substitution of the six -NH3 

(amine) ligands with three ethylene diamine (en) bidentate ligands showed an increase 

in the thermodynamic stability of the complex.12 The thermodynamic relationships of 

interest are outlined in equations [1.1] and [1.2].12   
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∆"# = 	−'( ln +                                                 [1.1] 

∆"# = ∆,# − (∆-#                                              [1.2] 

 

Both equations relate Gibbs free energy (G) to thermodynamic stability (b) as well as 

enthalpy (H), entropy (S), temperature (T) in Kelvin, and the universal gas constant (R). 

In [2.1], a positive log b is favored as it correlates to a negative ∆G. The log b values of 

[Ni(NH3)6]2+ (8.61) and [Ni(en)3]2+ (18.28) indicate that the introduction of en as compared 

to -NH3 is 1010 times more stable.12 From this general example, a positive log b relates to 

a positive entropy (∆S).12 Importantly, the synthesis and complexation of many metal-

ligand complexes, especially those found in catalysis and metal homeostasis, focus on 

achieving the positive log b. This relationship between chelate effect and entropic 

energies has been studied extensively in the literature in ligand design2, 12, 14-16, but will 

not be the focus within the remainder of this discussion. 

 

Spectrochemical series: Proposed by Griffith and Orgel, ligand field theory (LFT) focuses 

on d orbital splitting including bonding orbitals founded on the principles established in 

crystal field theory and molecular orbital theory.5, 17 Specifically, LFT focuses on the ligand 

field (∆) and allows for the scientists to hypothesize and rationalize metal-ligand 

coordination complexes such as geometries.  The spectrochemical series encompasses 

the observations made in LFT. For example, the spectrochemical series is a general 

classification of ligands focusing on the donor and acceptor capabilities of a small group 

of common ligands (Figure 1.4).5 Overall, spectrochemical series provides a large of 

generalized information in a simple series, including ligand effects on metal spin state, 

ligand effects on field splitting, as well as p-acceptors versus p-donors.  



 6 

 

Figure 1.4. Spectrochemical series comparing donor types.  

  

 The spectrochemical series uses terminology including “strong” and “weak” field, 

high or low spin, and p-acceptor or p-donor. Ligands that interact strongly with the metal 

center are referred to as “strong” field ligands. As a result, “strong” field ligands are able 

to accept electron density into p-orbitals. Metal ions that have four to seven d electrons 

have the potential to be high spin or low spin systems. Concomitantly, a “weak” field ligand 

has small interactions with the metal center. A high spin system has a large number of 

unpaired electrons as the orbitals are filled using Hund’s rule due to the small ∆. A low 

spin system has a small number of unpaired electrons as orbitals are filled consecutively 

in the lowest energy degenerate orbitals as the ∆ is too large to fill each individual orbital 

first.  

 An example of the importance of the spectrochemical series (Figure 1.4) and the 

impact of ligands can be seen when discussing the geometries of [Ni(CN)4]2- as compared 

to [Ni(Cl)4]2-. Both Ni2+ complexes have a coordination number of four and a d electron 

count of eight. However, the coordination complexes exhibit very different geometries as 

a direct result of the ligand field (Figure 1.5). CN- is a strong field, low spin ligand while 

Cl- is a weak field, high spin ligand. As Cl- has a small ∆, [Ni(Cl)4]2- is stable as a four-

coordinate tetrahedral complex. As CN- has a large ∆, [Ni(CN)4]2- exhibits a square planar 

geometry as the stabilization energy is lower as compared to octahedral or tetrahedral 

orbital splitting. In addition, changes in magnetism can be observed as [Ni(Cl)4]2- is 
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paramagnetic due to the presence of unpaired electrons while [Ni(CN)4]2- is diamagnetic 

as all electrons are paired. Overall, the spectrochemical series, an extension of LFT, 

echoes the important role of ligands in coordination chemistry.   

 

 

Figure 1.5. Orbital splitting and corresponding geometries for Ni(Cl)4
2- vs. Ni(CN)4

2-.  

 

1.2. Metal ions in reactive oxygen species (ROS), Fenton chemistry  

 Cu, Fe, and Zn are known metals ions essential for neuronal functions including 

oxygen transport, electron transport, neurotransmitter synthesis, and free radical 

detoxification.18 Deviations in the homeostasis of these metal ions (Cu, Fe, Zn) has the 

potential to contribute to reactive oxygen species (ROS).18-21 ROS is a natural by-product 

of oxidative phosphorylation or basic aerobic metabolism.19-21 Superoxide anion (O2-), 

hydroxyl radical (OH•), and hydrogen superoxide (HO2•) are just a few examples of ROS 

that have the potential to damage lipids, proteins, and DNA.20-21 Generation of ROS from 

hydrogen peroxide with metal ions is known as Fenton chemistry.19, 21-22 Fenton 
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chemistry, an extension of Haber-Weiss reaction, results in the formation of hydroxyl 

radical species from hydrogen peroxide in the presence of metal ions such as Cu and 

Fe.13, 19, 23-24 Equations [1.3] and [1.4] outline the chemistry proposed within the Haber-

Weiss reaction and the Fenton reaction.13, 18, 21, 23, 25   

 

O/∙1 +	H/O/ 	→ 	OH1 +	OH∙ + O/	(,6789 −:8;<<	986=>;?@)              [1.3] 

MCD +	H/O/ 	→ 	M(CDE)D +	OH1 +	OH∙	(F8@>?@	986=>;?@;H = F8	(@ = 2)	?9	JK	(@ = 1)      [1.4] 

  

1.3.  Metals and ROS in Alzheimer’s disease (AD) 

 Generation of ROS has implications in a variety of disease states.23, 26-27 

Neurodegenerative diseases, such as Alzheimer’s disease (AD), have been extensively 

investigated by bioinorganic scientists focusing on metal ions in disease pathology.19, 23, 

27-35 The crippling symptoms of AD include dementia, cognitive decline, behavioral 

disabilities, and eventual death.19 To date, three major pathologies have been 

hypothesized: (1) amyloid cascade hypothesis, (2) metal ion hypothesis, and (3) oxidative 

stress hypothesis.19  

 Hypothesis (1), amyloid cascade hypothesis, is founded on the impaired balance 

between amyloid-beta (Ab) production and clearance.33 Ab is the product of a secretase 

(b- and g- secretase) cleaved amyloid precursor protein (APP), a type 1 membrane 

glycoprotein.36 APP has been proposed to play a role in neuronal development, signaling, 

and intracellular transport.36 In AD, APP is cleaved resulting in Ab, which begins to deposit 

or plaque.36 Clearance of Ab plaques can be achieved by a number of proteases, such 

as neprilysin.19, 37 However, regulation of some plaque-clearing enzymes are dependent 
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on bound Zn within the active site.19 The importance of metal ions in plaque-clearing 

enzymes and in general AD pathology is the foundation of hypothesis (2). 

 Hypothesis (2), metal ion hypothesis, focuses on the dyshomeostasis of metal ions 

in AD pathology.19, 27 As previously mentioned, neprilysin is a Zn-dependent 

metalloprotease that is involved in Ab clearance.37 However, free metal ions, including 

Zn2+, Fe3+, and Cu2+, have all shown to have changes in homeostatic concentrations as 

a symptom of AD.19 Specifically, Fe3+ has a larger free metal ion concentration in AD 

while Cu2+ concentration has been shown to decrease in AD.19 Despite changes in overall 

metal ion concentration in AD patients, all three metals have been shown to precipitate 

Ab aggregates.27 Specifically, Zn2+ has been shown to precipitate Ab at low micromolar 

concentration.27 Within the Zn-Ab aggregates, Fe3+ and Cu2+ are also found within the 

deposits.27 Although plaque aggregation is a concern in AD, the presence of these metals 

within AD, particularly Cu and Fe, have additional implications in hypothesis (3).19 

 Hypothesis (3) in AD is the oxidative stress hypothesis.19 As previously mentioned 

(1.2. Metal ions in reactive oxygen species (ROS), Fenton chemistry), ROS can have 

toxic effects on macromolecules and tissues inducing cellular death.19, 27 Generation of 

ROS in AD pathology is an extension of metal dyshomeostasis as well as Ab impairment 

to mitochondria.19 As a result of mitochondrial impairment, tissues exhibit a hypoxic 

environment that in turn up-regulates b-secretase activity, only increasing overall 

oxidative stress.19 This cascade results in pathogenesis of AD observed.19  

 To date, another hypothesis continues to develop focusing on inflammation in 

AD.38-40 Specifically, inflammation in AD contributes to the AD pathogenesis.38 Wyss- 

Coray and co-workers discussed six important observations when investigating 

inflammation in AD: (1) inflammatory mechanisms in an AD effected brain are overtly 
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cytotoxic in periphery, (2) upregulated inflammatory mechanisms co-localized in AD 

exhibit high levels of AD pathology, (3) inflammatory mediators are highly expressed near 

Ab deposits and tangles, (4) modest elevations of inflammatory markers are observed in 

AD patients as compared to non-dementia patients, (5) inflammatory toxicity can be 

observed in an AD brain, and (6) conventional anti-inflammatory drugs may delay onset 

and progression of AD.38 As such, this additional understanding of inflammation in AD 

pathology provides a route for AD therapeutics.38-39 Many therapeutics have been 

developed focusing on hypothesis (2) and hypothesis (3). A few small molecule metal 

chelators and antioxidants will be discussed focusing on ligand design. 

 

1.4.  AD therapeutics 

 

Figure 1.6. Current therapeutic agents used for metal chelation therapy: (A) Clioquinol (CQ), (B) 
cyclen, and (C) cyclam. R represents a group available for modification. 

 

 Current therapeutic approaches for the treatment of AD focus on the metal 

hypothesis (2) and oxidative stress (3), using strong metal chelators to sequester metal 

ions. 19, 27, 41-43 A particular small molecule investigated as an AD therapeutic is 

iodochlorhydroxyquin or Clioquinol (CQ, Figure 1.6A).19, 27 CQ is a bidentate, quinoline 

small molecule derivative, where the O atom and the N atom coordinate to the metal ion. 

CQ is a known Zn- and Cu- chelator that reduces Ab plaquing in AD.19, 27 In the 1960s, 
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CQ was linked to subacute myelo-optic neuropathy (SMON) despite success with metal 

chelation.13, 19, 27 Symptoms associated with SMON include blindness and paralysis.13, 19, 

27 By 1971, the drug was removed from the market in the United States.13, 19, 27 However, 

the success of metal chelation encouraged researchers to continue to develop new 

quinoline derivates similar to that of CQ with reduced toxicity.44-45 

 Macrocycles are another class of metal chelator molecules that have been used 

as a therapeutic to treat AD. In particular, macrocycles are large (‘macro’), cyclic (‘cycle’) 

molecules with multiple coordination sites within one molecule (polydentate). Tetraaza 

macrocycles (tetra = four, aza = amine donor) have been extensively investigated as 

therapeutic and diagnostic agents as ligand toxicity is low (Figure 1.6B and 1.6C).41 Chen 

and co-workers investigated the chelating effects of cyclen (Figure 1.6B) and cyclam 

(Figure 1.6C) with Zn2+ and Cu2+ ions in prevention of Ab plaques.41 Specifically, it was 

observed that the introduction of cyclen and cyclam could dissolve metal-induced Ab 

aggregates.41 The addition of tunable R groups on the macrocyclic scaffold provides a 

route for continuous derivatization and versatility of the ligand backbone.41, 46-47 This was 

observed by Wu and co-workers whose work focused on the addition a peptide linker (K-

L-V-F-F) to cyclen as a Cu2+ chelator resulting in Ab aggregate cleavage.46 Within the 

Green group, a cyclen derivative known as pyclen has been the cornerstone of research 

and investigated as both an antioxidant molecule and metal ion chelator against AD.13, 48-

50 

 

1.5.  Ligand design and applications within the Green group  

 A library of pyclen-based ligands have been synthesized by the Green research 

group (Figure 1.7).13, 48-50 L1 or pyclen was shown to chelate biologically relevant metals 
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(Cu, Fe, Zn) and possess antioxidant capabilities hypothesized to result from N-oxide 

formation within the conjugated pyridine ring.18, 50 As a method to increase the inherent 

antioxidant capabilities observed for L1, an electron donating (ED) functionality, -OH, was 

added to the para position of the pyridine ring (L2). Evaluation of the antioxidant character 

of L2 using various biological assays showed increased activity as compared to L1.18 

Synthesis of L3 was completed for comparison to L2 to assess resonance effects 

dependent on the position of the -OH moiety, para versus meta position of the pyridine 

ring.51   

 

 

Figure 1.7. Library of aza macrocycles (L1 – L8) synthesized by the Green group.13, 48-49 

  

 Within the library of tetraaza macrocycles (L1 – L4, L6 – L8), each ligand has been 

coordinated or is currently being complexed to a first-row transition metal including Zn, 

Cu, Ni, Co, Fe, and Mn.13, 48-49 To date, each metal-ligand complex has been 

spectroscopically and electrochemically evaluated to observe changes in the metal 

chemistry as a result of the changes to the coordinating ligand L1 – L4, L6 – L8.13, 48-49 

As L2 had increased antioxidant capabilities as compared to pyclen (L1), L4 was 

synthesized to increase the antioxidant character by doubling the pyridol- moiety within 

the ligand scaffold (Figure 1.7).13 The polyaza macrocycle L5 was synthesized as a 

possible anion scavenger due to the large inherent macrocycle size. Finally, L6 – L8 were 
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synthesized to investigate the effects on coordination complexes upon adding electron 

withdrawing (EW) functionalities to the para position on the pyridine ring.  

 Additional applications of the ligand series (Figure 1.7) outside of therapeutics 

have been investigated within the Green group. FeL1 – FeL3 have been synthesized and 

used as catalysts in C-C coupling reaction (Suzuki-Miyaura).49 Complexation of L1 – L3 

with Mn has shown to form both monomeric complexes and dimeric complexes 

dependent on the synthetic route of the Mn complexes.13 The dimeric complexes are 

currently being screened as oxidative catalysts focusing on oxygen atom transfer and 

hydrogen atom abstraction.13 Complexation of L1 – L3 with Co were prepared and 

characterized.13 These complexes (CoL1 – CoL3) exhibit a unique equilibrium behavior 

which parallels solvent dependent CoCl2 equilibrium.13 Cu, Zn, and Ni complexes of L1 – 

L3 were prepared to understand the coordination chemistry and chelating ability of the 

ligand series with biologically relevant metals.48 Overall, as summarized best by Dr. 

Hannah Johnston, this entire library (Figure 1.7) and coordination complexes were a 

result of (1) optimization of synthetic methods for both ligands and metal complexes, (2) 

structural and spectroscopic analyses of the metal complexes, (3) investigation of the 

antioxidant capabilities of each ligand and metal sequestration to combat AD, (4) 

exploration of catalytic abilities of metal complexes, (5) synthesis of modified macrocycles 

for use as MRI contrast agents, and (6) understanding modifications of the pyridine 

functional group on ligand induction and resonance.13 

 

1.6.  Ligand design focused on catalysis 

 Catalysis plays an integral role in modern day chemistry as many catalysts are 

used for commercial interest, i.e. the production of petroleum products and harvesting 
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energy from water.5, 52 Many catalysts are organometallic in nature, consisting of a metal-

ligand coordination complexes with an available site for interaction with a substrate or 

reactant to form a specific product.2, 5, 14 Specifically, catalysts facilitate a new pathway to 

achieve the formation of products from reactants as the coordination complex is able to 

stabilize other intermediates when bound to the metal.14 To date, catalysts have been 

synthesized focusing on activities ranging from metathesis or insertions to 

hydrogenation.2, 14 In development of catalysts, scientists focus on catalytic efficiency, 

recyclability (turnover or multiuse), robustness (temperature, solvent, and pressure 

impermeable), economic feasibility, as well as activity associated with as sub-

stoichiometric amounts.5, 14 Catalysts that utilize first row transition metals (Fe, Cu, Mn) 

continue to be at the fore front of research as the metals are inexpensive as compared to 

precious metals (Pt, Pd, Rh). As such, ligand design to stabilize these first-row transition 

metals is essential. 

 Pyridine-containing macrocycles have been a focus in homogenous catalysis for 

decades (Figure 1.8).53 The discovery of an Fe2+ pyridine-containing pentaza macrocycle 

that could stabilize an O2 adduct in aqueous solution set the foundation for the use of 

macrocycles in catalysis (Figure 1.8A).53-54 Specifically, the macrocyclic-O2 adduct was 

stable proving that (1) O2 could coordinate to the metal favorably despite the size of the 

ligand (formation of an observed transition state) and (2) the Fe2+ oxidation state was 

stable in aqueous solution.54 For example, macrocyclic ligands have the capacity to 

incorporate a metal ion within the cyclic cavity. However, the size of the cavity can impose 

restrictions on the metal coordination due to puckering resulting in either a trans or cis 

geometry as the ligand folds. Due to the placement of the ligand upon coordination, steric 

bulk can impede catalytic activity. Similar Fe macrocycles of PyNMe3 have shown 
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catalytic activity in oxygen atom transfer reactions with alkenes,55-56 water oxidation,57 as 

well as C-H bond activation studies49, 58-59 where oxygen coordination is pertinent (Figure 

1.8B).53 Pyclen-derived ligand systems have shown catalytic activity with other first row 

transitions metals including Mn. For example, Mn2+-pyridinophane complexes catalytically 

disproportionate H2O2 in aqueous solution mimicking water oxidation catalysis (Figure 

1.8C).60 This mimetic process relates to activity observed in nature, specifically, oxygen 

evolving complexes in photosystem II.13, 60 Despite the success demonstrated by these 

examples of macrocycles in catalysis, macrocycles still have several drawbacks including 

ligand stability (pH, protonation sites) and selectivity in reactivity.53 

 

 

Figure 1.8. Macrocyclic ligands used in catalysis with first row transition metals. 

  

 Pincer ligands represent another prominent ligand group found in the 

organometallic field of catalysis.61-67 Unlike macrocycles, metal chelation is not solely 

dependent on cavity size. Pincer systems have been extensively studied and designed 

to accommodate first row transition metals for accessibility and economic feasibility.2 As 

pincer ligands will be the primary focus for chapter 2, specific pincer ligand characteristics 

will be discussed more in depth within the introductory portion of chapter 2 focusing on 

the versatility and applications of the ligand system.  
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1.7. Ligand design and coordination complexes in diagnostics: Contrast agents 

 The development and understanding of nuclear magnetic resonance (NMR) in the 

early 1940s were pivotal to the continuation and progress of science in the late 20th 

century.68-69 NMR is a non-destructive technique used to characterize and identify 

connectivity in many organic molecules.69-70 This technique relies on small changes within 

a magnetic field as a result of the excitation and relaxation of atoms that possess spin 

states (intrinsic angular momentum).70 Specifically, NMR relies on the relationship of 

 

                                               		M = 	NOP(1 − Q)                                                                      [1.5] 

 

where w is the resonance frequency that is dependent on the magnetogyric ratio, g, and 

the magnetic field which is applied to the nucleus, B.68, 71 Additionally, the magnetic 

properties observed for a particular species are dependent on the density of electrons 

within the analyte. This additional parameter is referred to as shielding or s.68 Excitation 

of the NMR-active nuclei’s is achieved by a pulse of radiofrequency energy.68, 70 As the 

specific nuclei atoms begin to relax, small changes in the magnetic field are detected 

resulting in a free induction decay (FID). Upon completion of a Fourier transform (FT) of 

the FID, a spectrum can be observed by correlating signal intensity versus chemical 

shift.68  

 By the 1970s, NMR, widely known to be used in the chemistry laboratory, had been 

applied to biological systems focusing on diseased tissues.69, 72 This new application of 

NMR was called magnetic resonance imaging (MRI) which utilized the relaxivity of 

protons, specifically water, to produce images.70, 72-73 MRI relies on the foundational 

theory of NMR that the signal intensity is proportional to the density of the nuclei of 
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interest.70 However, MRI encompasses three additional parameters to traditional NMR 

which are essential for imaging purposes: (1) velocity or movement of protons, (2) “spin-

lattice” relaxation time (T1), and (3) “spin-spin” relaxation time (T2).70, 73-75 The first 

parameter focuses on the movement of water protons in and out of tissues. Coordination 

of the water within the inner-sphere of the complex is essential. In the presence of 

paramagnetic agents, exchange of this water molecule from the metal-complex to bulk 

solvent is referred to as the inner-sphere mechanism, which contributes to the longitudinal 

relaxation or T1.70, 73 T2 relaxation time refers to time of decay of molecules transverse or 

perpendicular to the field.73-75 To enhance overall image intensity, shorter T1 values and 

longer T2 values are important. The introduction of paramagnetic complexes in diagnostic 

imagining allows for modulation of T1 and T2 relaxation times as a method to increase 

image contrast.73-75 

 

1.8.  Contrast agents: Lanthanide ion’s in imaging 

The paramagnetic properties of trivalent lanthanide (Ln3+) complexes have been 

applied in a variety of biomedical imaging applications.76 Ln3+ ions have been used for 

luminescence imaging, optical labels, sensors, as well as multi-modal imaging 

applications.75-78 The most widely known clinical application on Ln3+ is the use of Gd3+-

based complexes (4f7, S = 7/2) as T1-shortening contrast agents for MRI.74 Interest in 

other trivalent lanthanide ions as contrast agents for MRI has been growing since the 

introduction of lanthanide-based paramagnetic chemical exchange saturation transfer 

(PARACEST) as a mechanism for altering image contrast.75-76, 79-80 Until recently, most 

complexes for biomedical applications have used lanthanide ions in the most stable, 

trivalent oxidation state. However, the divalent oxidation state (Ln2+) has been reported 
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for all the lanthanides (except Pm) and is relatively common for a few lanthanides (Eu2+, 

Sm2+, and Yb2+), but these divalent ions are unstable in oxygenated solutions.81 Among 

the divalent lanthanide ions, the Eu2+ ion is of particular interest in MRI applications 

because it is isoelectronic (4f7, S = 7/2) with Gd3+ and, consequently, has a similar 

relaxation effect on water protons.82-83 Additionally, Eu2+ is the most stable divalent 

lanthanide as the oxidation occurs slowly, thereby enabling its study in aqueous media.81 

Consequently, a number of investigations have focused on ligand designs that further 

stabilize the +2-oxidation state of the Eu ion,82, 84-87 and these studies often invoke hard–

soft acid–base theory because Eu2+ (~117 pm) is considered a softer metal ion than Eu3+ 

(~103 pm).88-91  

 

1.9. Contrast agents: Ligand coordination for metal stability 

 A tetraacetic tetraaza macrocycle, more commonly referred to as DOTA (1,4,7,10- 

tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid), was one of the earliest reported 

ligand systems investigated as a MRI agent.92-93 Desreux discussed two important 

advantages of this ligand-set as a result of the pendant arms: (1) selectivity of metal ion 

due to steric effects and (2) pH-sensitive complexation.92 In addition, it was reported that 

the ligand system complexed with Gd3+ had a large stability constant (log KML = 28.2 – 

29.2) but was kinetically slow in terms of formation, a common theme for other metal 

ions.92, 94-95 This 8-coordinate ligand would provide the ideal scaffold to stabilize Ln3+ ions 

allowing for the ninth coordination site to be occupied by water within the inner-sphere, 

contributing to overall relaxivity as a result of proton exchange.82 

 In addition to traditional T1-weighted imaging agents, PARACEST imaging has 

been investigated as a technique to improve overall contrast for MRI.96 This technique 
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takes advantage of the lifetime of exchangeable protons as it is pulsed at a radiofrequency 

correlating to the Larmour frequency of the paramagnetically shifted water signal.75, 96-97 

Recently, Eu containing complexes have been investigated as T1 and/or PARACEST 

agents.75, 98-99 The Eu2+ ion, isoelectronic to Gd3+ ion, provides an alternative for T1 

imaging; however, stability of the Eu2+ ion is highly dependent on the ligand scaffold.100 

Additionally, the Eu3+ ion is thermodynamically stable within typical DOTA-derivatives101-

102 and can be used as a PARACEST agent.75 The development of an agent that can 

access both Eu2+ or Eu3+ within biological conditions is key to achieve the dual modality, 

but is only possible if the ligand scaffold can provide the appropriate thermodynamic and 

kinetic stability. 

 

1.10. Biosensors as diagnostic agents 

Biosensors encompass a broad area of science that focus on quantification of an 

analyte using a receptor-substrate interaction.103 Electrochemical biosensors incorporate 

a bio-receptor with an electrical interface that is able to produce a measurable signal for 

analysis.103-106 In order for this to be a reliable avenue for diagnostics, the biosensor must 

be highly stable under ambient conditions, biocompatible, and most importantly, produce 

a reproducible signal.104-106 Immobilization of biosensors onto an electroactive area, such 

as an electrode, has the potential to stabilize the sensor compared to that observed in 

solution. Additionally, immobilization should improve signal output over time as the sensor 

is no longer solely dependent upon diffusion to the electrode surface. Complex biosensing 

systems, like enzyme-coupled electrochemical biosensors, are more prone to 

decompose in solution. Through immobilization of these more complex systems, 

amplification of the sensor signal as a result of immobilization has the potential to offset 
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any signal decomposition.107 Therefore, immobilization methods have been one area of 

interest integral to biosensor development. 

 

1.11. Biosensors within the Green group 

 Another primary focus within the Green group is the development of low molecular 

weight electrochemical biosensors.1 Each biosensor consists of a biomolecule specific 

substrate and ferrocene (Fc), an electroactive redox center. Fc is a well-known 

organometallic compound that is highly stable, has favorable redox properties, and can 

be easily derivatized.108 Fc consists of Fe2+ sandwiched between two cyclopentadiene 

(Cp) rings.109-110 Derivatization of Fc is achieved by synthetic modification and additions 

to the Cp rings.111-115 Syntheses of these derivatives is easily achieved by lithiation of the 

Fc, forming lithiated adducts.116 Then, functional groups including phosphines, amines, 

and even simple alkyl chains can be added.116 An important example of this methodology 

includes the synthesis of 1-Aminoferrocene-1’-carboxylic acid (Scheme 1.1).112 This 

specific Fc derivative is a di-substituted, asymmetric Fc derivative that can be used in 

solid phase peptide synthesis (SPPS) as a result of the amine and carboxylic acid 

functionalities necessary for peptide bond formation.112 Within biosensor synthesis in the 

Green group, a commercially purchased 1-aminoferrocene-1’-carboxylic acid is the 

specific Fc derivative used as the biosensors are synthesized using SPPS.  
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Scheme 1.1. Synthesis of 1-aminoferrocene-1'carboxylic acid as reported by Heinze and co-
workers.112 

  

Within the Green group, the first substrate-receptor pair investigated using 

electrochemical biosensors was biotin and avidin. Biotin, vitamin H, is a well-known 

molecule with high binding affinities for the glycoprotein avidin.117 As such, a biosensor 

was developed using biotin and Fc for the quantification of avidin in solution using cyclic 

voltammetry (CV) as a model system.1 Fc was used as the redox probe for CV as it 

produces a very robust electrochemical signal upon oxidation to ferrocenium (Fc+, Fe3+) 

and reduction to Fc (Fe2+).  Scarborough and co-workers showed promising results as 

current depletion was observed upon avidin interaction with biotin (“on-off” sensor).1 As a 

method to improve sensitivity, linker molecules were attached for immobilization of the 

sensor onto an electrode surface. Sensor sensitivity would improve as the sensor is no 

longer dependent on diffusion in solution to the electrode surface.  

 A more complex system of biosensors was first synthesized within the Green group 

focusing on Asp-Glu-Val-Asp (D-E-V-D) amino acid sequence with the enzyme caspase-

3 by Sean Rodich.118 Specifically, Rodich synthesized a small library of D-E-V-D-Fc 

biosensors to quantify caspase-3 in solution using cyclic voltammetry. Upon cleavage of 

the D-E-V-D substrate from the Fc, a shift in potential (mV) was observed 

electrochemically (“on-on” sensor) in solution. However, the results were preliminary, and 
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immobilization of the system could not be achieved. As much of this document will be 

electrochemically focused, a brief overview of electrochemical techniques, specifically 

cyclic voltammetry will be introduced. 

 

1.12. Cyclic voltammetry: basic theory and principles 

 Electrochemistry is the study of chemical reactions brought about by electrical 

energy.119 The chemical reactions of interest occur at the boundaries of two conductors, 

which in cyclic voltammetry is metal-electrolyte.119-120 Historically, the metal boundary 

refers to the metal electrode, like gold or platinum, in which charge is carried by electronic 

movement.119-120 However, the metal boundary is simply the electrode, which can be 

metals or semiconductors, liquids or solids.120 The electrolyte is the phase in which 

charge is carried by the movement of ions.120 The electrolyte phase may consist of liquid 

solutions or ionically conduction solids.120 Together, metal-electrolyte interfaces make up 

the electrochemical cell, two or more electrodes separated by at least one electrolyte 

phase.120  An electrolytic cell will be the focus as cyclic voltammetry is non-spontaneous 

process.121  

 An electrolytic cell is a non-spontaneous cell in which potential is applied in order 

for the chemical reaction to proceed.119-121 A typical cell consists of three electrodes: a 

working electrode (cathode), an auxiliary electrode (anode), and a reference electrode.120-

121 In cyclic voltammetry, a potential (V, x-axis) is applied to the system and a current (A, 

y-axis) is measured as a result of the loss or gain of an electron.122-123 A basic cyclic 

voltammogram can be seen in Figure 1.9, which shows the “duck”-shaped voltammogram 

of an one electron transfer. 
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Figure 1.9. Example of a cyclic voltammogram, current (A) vs. potential (V). 

 

The oxidation and reduction potentials are referred to as Epa and Epc, where the a refers 

to the potential at the anode and c refers to the potential at the cathode.120-121, 123 The 

potentials (V) observed are determined based on the difference in potential between the 

working electrode and the reference electrode.120-121 Ipa and Ipc are the current outputs 

associated with either the oxidation wave (Epa) or reduction wave (Epc).120-123 Current (A) 

is measured by the difference in current (A) measured between the auxiliary electrode 

and the working electrode.120-123 Specifically, as a particular potential is reached, an 

electron is gained (Epc/Ipc) or lost (Epa/Ipa) resulting in a change in the current (A).120-123  

 The working electrode is made up of an inert conductive surface, like gold or glassy 

carbon, to which a potential (V) can be applied and a current flow.120-123 As the working 

electrode is the cathode, a reduction takes places near the electrode surface [1.6] where 
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RS + @81 	→ '8T                                                       [1.6] 

 

Ox is the oxidized species, n is the number of electrons, and Red is the reduced 

species.120-121 Using [1.3], the concentration of species in solution (Ox vs. Red) can be 

related to Gibbs free energy (∆G) of a particular system [1.7] where R is the universal gas 

constant (8.314 J mol-1 K-1) and T is the temperature (K).120-121  

 

∆" = ∆"# + '(	U@ VWX
YZ

                                                   [1.7] 

 

In continuation, Gibbs free energy (∆G) can also be related to the open circuit or 

equilibrium potential (E), number of electrons (n), and Faradays constant (F, 96,485.3 C 

mol-1) as shown in [1.8].120-121 This relationship can be extended to the standard state 

[1.9].120-121 

 

∆" = 	−@F[                                                   [1.8]  

∆"# = 	−@F[#                                                 [1.9] 

 

Introducing equation [1.8] and [1.9] into [1.7] results in the Nernst equation [1.10], which 

draws a correlation between the potential of the cell and the concentration of Ox and Red 

species in solution.120-121  
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Cyclic voltammetry is a heterogeneous process as the reaction only occurs at the 

surface of the electrode rather than in bulk solution.120-121 As such, the reaction is 

dependent on movement of the Ox species to the electrode surface.120-121 Specifically, 

there are three modes of mass transfer: (1) migration, (2) diffusion, and (3) convection.120-

121 The Nernst-Planck equation [1.11] takes into account these three modes of mass 

transfer 

 

_̀ (S) = 	−a`
bcd(Z)
bZ

−	ed^
V\
a`J`

bf(Z)
bZ

+	J`g(S)                         [1.11] 

 

where Ji(x) is the flux of species i (mol sec-1 cm-2) at distance x from the surface, Di is the 

diffusion coefficient (cm2 sec-1), ∂Ci(x)/ ∂x is the concentration gradient at distance x, 

∂ϕ(x)/∂x is the potential gradient, zi and Ci are the charge and concentration of species i, 

and v(x) is the velocity (cm sec-1).120 Migration is the movement of a charged body under 

the influence of an electric field.120 To minimize this effect, a supporting electrolyte is used 

in concentrations usually 100X greater than that of the analyte.120-121 Convection is the 

movement of the analyte to the surface by hydrodynamic transport or stirring.120-121 To 

minimize this effect, stirring is ceased during the experiment.120-121 As a result, diffusion 

is the only mode of mass transfer within a cyclic voltammetry experiment resulting in 

equation [1.12] which is Fick’s first law of diffusion.120-121 

 

_̀ (S) = 	−a`
bcd(Z)
bZ

                                             [1.12] 

 

In a cyclic voltammetry experiment, it is essential to determine whether a process is 

diffusion controlled.120-121 An extension of Fick’s first law of diffusion [1.12] is the Randles-
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Sevcik equation, which correlates the current observed (Ip) as a function of the square 

root of the scan rate [1.13].120-121, 123  

 

hi = 0.446@FnJ` o]^pqd
V\

r
E//

                                 [1.13] 

 

For example, if the scan rate is increased, then a larger current is usually observed as 

the diffusion layer is smaller.123 As the scan rate is decreased, the diffusion layer 

increases in size as more time passes, and the current observed is smaller.47  

 An additional parameter used frequently in cyclic voltammetry is the midpoint or 

half-wave potential, E1/2 [1.14].120-121 

 

[E//	(t) =
uvwDuvx

/
                                                [1.14] 

 

This value (E1/2) corresponds to the halfway potential between the two observed peaks 

or waves and can be used to estimate the formal potential of the cell. 120-121, 123 To 

evaluate the reversibility of the electron transfer, the difference between the waves (∆E) 

can be calculated using [1.15].120-121, 123  

 

∆[ = 	[iy − [iz	                                            [1.15] 

 

For a reversible system at 25oC, the ∆E observed is 59 mV per electron transferred.120-

121 This value is determined from the equation [1.10].120-121 In addition, the current ratio 

[1.16] of the oxidation and reduction current should be 1 regardless of current.120-121, 123  
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{vw
{vx
= 1                                                    [1.16] 

Deviations from reversibility are possible within a cell for a variety of reasons. These 

include, but are not limited to (1) chemical reactions preceding or following the electron 

transfer, such as dimerization or decomposition, and (2) surface reactions, such as 

adsorption and desorption.120  

 As a method to increase electrochemical reversibility observed by cyclic 

voltammetry within a system, the analyte of interest can be immobilized on the surface of 

the electrode.120, 124 A variety of techniques can be employed including monolayer 

formation (self-assembled monolayers, SAMs),124-125 the use of thin films,126-130 and even 

covalent attachment using surface functionalized electrodes.131-132 Upon immobilization 

for a reversible system, ∆E should remain close to 59 mV with a current ratio close to 

1.120, 133 In addition, if the analyte is immobilized and the reaction is no longer dependent 

on diffusion, then a linear trend should be observed for current (Ip) as a function of the 

scan rate.120 However, an additional tool can be used to evaluate the reversibility and 

homogeneity of an immobilized species on the surface of an electrode. The full-width at 

half-maximum (FWHM) [1.17] can be used to assess the peak shape and homogeneity 

of the system.124 

 

F:,H = 3.53 V\
]^
= ~P.�	ÄÅ

]
                                     [1.17] 

 

A FWHM value close to 91 mV is indicative of a homogeneous system in which each 

redox active species exists independently of one another.124   
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1.13.  Chapter overview 

The work contained within these chapter focuses on the fundamental 

understanding of metal-ligand coordination complexes and utilizing the inherent 

chemistry for ligand design and sensor development. As an extension of macrocyclic 

chemistry within the Green group, a small library of NNN pyridine-based pincers were 

synthesized, complexed with Cu, and characterized. This library of molecules was 

synthesized for comparison to the macrocyclic library used within the Green research 

group (Figure 1.7). To maintain consistency, all coordinating atoms within the pincer 

library consist of N atoms. The ED and EW functional groups on the pyridine ring were 

also conserved. Chapter 2 will discuss extensively the synthetic methodologies used to 

produce the pincer library. In addition, a small portion of the pincer library was complexed 

with Cu to evaluate the coordination environment to date. Cyclic voltammetry was also 

completed to assess the EW and ED effects of the pyridine ring on the Cu redox 

chemistry. 

 Chapters 3 and 4 focus on biosensor development. Specifically, chapter 3 focuses 

on the immobilization of biotin-Fc biosensors established by Scarborough using thin films. 

The biosensor-thin films were evaluated using cyclic voltammetry as well as FESEM by 

Nelli Bodiford. Chapter 4 focuses on development of enzyme responsive biosensors. This 

small library discussed incorporate a D-E-V-D substrate covalently attached to Fc, which 

are electrochemically active and soluble under biological conditions. Upon introduction of 

caspase-3, a shift in the potential of the electrochemical signal is observed. This chapter 

discusses the synthesis, characterization, and continued development of standard 

conditions necessary for quantification of caspase-3 as a sensitive and biologically 

relevant assay.  
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 Chapter 5 encompasses all of the techniques used in chapters 3 and 4 to evaluate 

europium contrast agents. This work began as a collaboration between UTSW Advanced 

Imaging Research Center and the Green research group. A small library of EuDOTA 

contrast agents were characterized using cyclic voltammetry. Shifts in the E1/2 of the 

library were observed, which correlated to shifts in the ligand backbone. In addition, the 

ligand was observed to be non-innocent in nature. 
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Chapter 2: Synthesis of novel pyridine-based pincers as small molecule metal chelators 

 

2.1.1. Defining a pincer ligand system 

 Pincer ligands are defined as terdentate ligands (three coordinating sites), homo- 

or hetero-atom sites, that upon metal coordination, prefers a meridional geometry.134 

Gerard van Koten described pincer systems for the first time in 1969.135 This work focused 

on the coordination of monoanionic aryl ligands.135 Van Koten  observed that the 

terdenate ligand system was highly rigid, easily tunable, and had activity involved in C-H 

bond activation.135 While the ligand system was simple in nature, the pincer metal 

complexes showed stability and incredible versatility within organometallic chemistry. 

However, pincer ligands have not been uniformly defined, specifically within the 

nomenclature to date. 

 Pincers are usually classified according to symmetry of the coordination sites, 

palindromic or non-palindromic, as well as charge associated within the ligand scaffold, 

prevalently observed to be neutral or anionic.134 For example, if the coordination sites are 

all N atoms, the pincer might be considered a palindromic NNN pincer as compared to an 

NCS pincer which is non-palindromic as the central atom is a C. Figure 2.1 outlines the 

basic structure of the pincer ligand.  

 

 

Figure 2.1. Overview of pincer ligand structure and parameters including steric and electronic 
implications.134, 136-137 
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 In coordination chemistry, pincers have continued to be investigated as the 

inherent features can be easily modified. Specifically, pincer ligands have been 

manipulated to focus on overall tunability including electronic effects and ring size within 

the inner coordination sphere. For example, within the coordination sphere, the central 

atom coordinating to the metal center has trans influence on the molecule or ion that may 

coordinate to the open binding site on the metal center (which is not covalently attached 

to the pincer).134, 136 The addition of a functional group at the para position of the ring 

allows for versatility in terms of electronic effects (ED vs. EW), solubility (introduction of 

PEG), or immobilization linkers (-SH, -NH2).134 Bite angle and lability can be modulated 

dependent on the ligand attached to the central cyclic moiety (benzene and pyridine 

central group used as a general example). Both have effects on reactivity of the metal-

ligand complex.2, 14, 134 In addition to these fundamental characteristics focusing on the 

structure, pincers are known for robustness and outer sphere effects, which are key in 

organometallic and biological applications.2, 14, 134     

 

2.1.2. Pincer applications in the literature 

 

Figure 2.2. Metal-ligand coordination complexes with first row transition metals and pincer ligands 
(all complexes are neutral unless otherwise denoted).66, 137-141 
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CO2 reduction: Research by Chakraborty and co-workers has focused on the 

development of metal-ligand complexes using first row transition metals and pincers as 

catalysts.66 One example is a Ni-PCP system for CO2 reduction (Figure 2.2A).66, 142 This 

particular organometallic complex was stable under mild conditions: 1 atm of CO2 and 

activity with a turnover frequency of 495 h-1 was determined at room temperature.66, 142 

 

Enantioselective hydrosilylation of ketones: PyBox ligands (Figure 2.2B) are frequently 

investigated as chiral ligands for asymmetric catalysis.143 The complex in Figure 2.2B was 

evaluated for catalytic activity focusing on changes within the R group of the ligand 

scaffold (R = iPr, tBu, Ind, Bz, iBu).61, 137 High yields (80 – 99%) were obtained when 

FePyBox was used in the reduction of 3,5-disubstituted acetophenones at room 

temperature with 0.3% catalyst loading.61 

 

Cu-pincer coordination complexes: Vedernikov and co-workers report two NNN pyridine-

based pincer systems with diisopropylamine (DIPA) as well as diethylamine (DEA) arms 

(Figure 2.3, 2.1 and 2.2).144 Cu coordination was investigated as the stable Cu2+ form that 

usually coordinates in distorted geometries to accommodate the nine d-electrons.144 In 

this study, it was observed that Cu-diethylamine pincer complex was isolated with a five 

coordinate, square-pyramidal geometry. Elongation of the apical Cu–Cl bond was 

observed consistent with a Jahn-Teller distortion.144 Conversely, the NNN-pincer 

congener with diispropylamine arms resulted in a four coordinate Cu-pincer complex. 144 

Changes in the coordination number between the addition of DEA and DIPA was 

hypothesized to be a result of steric bulk.144  
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 Domyati and co-workers investigated Cu1+ complexes with pyridine-based N-

heterocyclic carbene pincers focusing on ligand-dependent structural and spectroscopic 

effects.138 Within their study, the Cu1+-CNC pincer system (Figure 2.2C) is mono-nuclear 

with the ethyl (Et) substituted ligand as compared to the Me or iPr arms on the carbenes 

that are di-nuclear.138 This was hypothesized to be a direct result of the p-stacking of the 

conjugated rings and the syn-conformation of Et on the carbenes.138 Most importantly, 

the ligand systems were able to support a Cu1+ metal oxidation state, however, all studies 

were performed in the absence of air and moisture.138  

 An (S,S)-i-Pr-PyBox ligand was coordinated with Cu(MeCN)4PF6 to give the 

complex observed in Figure 2.2D. The chiral PyBox derivative was investigated for activity 

as a catalyst for enantioselective allylic oxidation of olefins.141, 145 Catalysis was achieved 

using one pot synthesis by placing the metal salt and the ligand in solution with the 

reagents.141 However, the Cu1+ complex was isolated and observed to coordinate in a 

dimeric fashion.139 Specifically, the pybox pincer ligand coordinates to two separate Cu1+ 

centers, which each possess different coordination geometries within the single 

complex.139 The Cu-pybox provides an example of two pincer ligands coordinating to form 

dimeric-type coordination complexes. 

 A Cu1+ -NNN pincer complex has also been recently synthesized for heterogenous 

catalysis focusing on aerobic oxidative coupling and cycloaddition reactions.140 The Cu1+ 

catalyst can be observed in Figure 2.2E. The catalyst was immobilized on magnetic 

nanoparticles modified with (3-aminopropyl)trimethoxysilane (APTS) through covalent 

attachment.140 Addition of the catalyst on nanoparticles provides a route to recovery of 

the catalyst upon reaction completion.140 This work showed that the Cu1+ NNN pincer 
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catalyst could be recovered from the reaction and reused up to 8X without loss of 

activity.140 

 

2.1.3. From macrocycles to pincers 

 The Green research group has synthesized a library of tetraaza macrocycles and 

focused on metal chelation as well as antioxidant capabilities to regulate metal 

homeostasis in biological systems.13, 18, 48, 51 The macrocyclic library consists of a 

pyridine-backbone with electronic modulation focused on the para or meta position on the 

pyridine ring (Figure 1.7). The current generation of macrocycles have also been used as 

scaffolds for Fe-based catalysis. A new library of pyridine-based pincers (Figure 2.3) with 

similar modulations on the para or meta position of the pyridine were synthesized as an 

extension of this current research. With the development of this new library of pincers, 

the Green group will compare (1) stability, (2) metal binding affinity, (3) catalytic activity, 

and (4) antioxidant capability to the first generation of macrocyclic ligands. The synthesis 

of this new library (2.1 – 2.6) and establishing the coordination chemistry will be the focus 

of this discussion. 

 

Figure 2.3. Library of novel pyridine-based NNN pincers. 
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2.2.  Design and rationale of NNN pincers 2.1 – 2.6 

 A new library of novel pincers was synthesized as an extension of Green group 

macrocyclic chemistry. Pincer systems are known for metal-ligand complex stability and 

catalytic activity.63, 66, 134, 139-140, 146-147 With the synthesis of this new pincer library, the 

Green research group hopes to utilize these principle functionalities of pincer ligand 

systems. In the future, this library of molecules (2.2 – 2.6) will be evaluated in metal 

homeostasis within biological applications.  

 The backbones of the pincer library (2.1 – 2.6) consists of an aromatic pyridine 

ring. The pyridine ring was used as a basis of comparison to the Green group macrocyclic 

library (L1 – L8, Figure 1.7).13, 48-49 Specifically, pyridine-containing small molecules have 

been investigated as antioxidants.18, 148-149 The electronic modulation at the para or meta 

position of the pyridine ring with the introduction of ED or EW groups has been shown to 

play an integral role in the antioxidant capabilities within Green group macrocyclic 

chemistry as well as modulate the redox chemistry of the metal ions coordinated.18 As a 

result, the pyridine moiety is essential in the design of the pincer library. 

 N-containing functionalities were used as the “arms” of the pincer molecules. 

Specifically, nucleophilic secondary amines were reacted with halides under basic 

conditions to form tertiary amines (pincer arms). The alkyl groups attached to the amine, 

iPr- (2.1) or Et- groups (2.2 – 2.6), were used due to the overall bulk to ensure one ligand 

molecule would be coordinated to one metal ion. In addition, N-atoms were used as an 

additional comparison to the tetraaza macrocycles as the N-atoms are known to easily 

coordinate to first row transition metals.13, 48-49 Due to the presence of the amines (typically 

liquids and/or oils), pincers 2.2 – 2.6 were isolated as bases or oils.  
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2.3. Design and synthesis of 2.1 and 2.2 

 

   

Scheme 2.1. Alternative synthesis of 2.1. 

  

 2.1 was first synthesized and reported by Vedernikov and co-workers.144 Synthesis 

was achieved by using a 2,6-bis(tosyloxymethyl)pyridine with DIPA at 100oC as the tosyl- 

group is an excellent leaving group.144 However, given the similarities to L1, 2.1 was 

targeted using similar chemistry to that used within the Green group to produce the 

macrocyclic congener (L1).  Modifications were made using a strong base such as 

triethylamine ((Et)3N) and high heat to facilitate the reaction with 2,6-

bis(chloromethyl)pyridine (Scheme 2.1). The yields of the isolated product 2.1 were poor 

(< 10%) following purification by column chromatography. The slow reactivity and poor 

yields are most likely a result of the poor nucleophilicity of DIPA. DIPA is a better base 

than a nucleophile due to the steric bulk of the iPr groups. Thus, DEA was used in the 

synthesis of the remainder of the library to improve reactivity. 

 

 

Scheme 2.2. Alternative synthesis of 2.2. 
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 2.2 was synthesized as the control compound for the remainder of the library as 

there no substitutions on the pyridine ring. 2.2 has been previously reported by 

Vedernikov and co-workers using 2,6-bis(tosyloxymethyl)pyridine and DEA.144 However, 

a new synthetic approach was used that focused on methodologies well-known within the 

Green research group, such as using 2.1.a as a starting reagent.13, 48 A moderate base, 

specifically K2CO3, was used in the reaction of DEA with the active halogen (Scheme 

2.2). In addition, 2.2 was synthesized as the control compound for the remainder of the 

library as there are no substitutions on the pyridine ring. The product (2.2) was isolated 

in the basic form as a dark yellow oil in a 53% yield. 

 

2.4. Design and synthesis of ED-pyridine modified NNN pincers, 2.3 and 2.4 

 

 

 

Scheme 2.3. Synthesis of 2.3 from chelidamic acid (2.3.a).  
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 The new strategy to produce terdentate azapyridine compounds was then explored 

for new molecules with substitutions to the pyridine ring. The strategies used to produce 

the new molecules with ED groups (2.3 and 2.4) were divergent from those used to 

produce the EW congeners (2.5 and 2.6). For 2.3 and 2.4, chelidamic acid and 3-hydroxy-

2,6-bis(hydroxymethyl)pyridine were used as starting materials, respectively. Although 

the protecting strategies employed were cumbersome, the yields were good to excellent 

up to the isolation of the alkyl halide precursors. All pincers were isolated in the basic 

form as yellow oils and stored at room temperature.  

 2.3 was synthesized using similar methodologies used in the synthesis of Green 

group macrocycles (Scheme 2.3).48 Specifically, chelidamic acid (2.3.a) was used as the 

starting reagent as the -OH functional group is on the para position of the pyridine ring. 

The alkyl halide (2.3.e) was produced using methods developed within the Green group 

(Scheme 2.4).48 DEA was reacted with 2.3.e at 100 oC for 48h to form the benzyl-

protected pincer in DMF to ensure solubility. Hydrogenation of 2.3.f was attempted as a 

method to remove the benzyl group as moderate yields can be obtained in the macrocycle 

synthesis used frequently within the Green group. However, product isolation as 

confirmed by 1H NMR was unsuccessful upon removal of the catalyst. Deprotection of the 

benzyl (Bn) group was achieved by a naphthalene-catalyzed lithiation.13, 150 The product 

(2.3) was isolated as a base in 16% yield, lower than that observed in literature for benzyl 

deprotection of phenol derivatives (68%).150 
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Scheme 2.4. Synthetic route to produce 2.3 as compared to the Green group macrocycle L2. 

 

 

 

Scheme 2.5. Synthesis of 2.4 from 3-hydroxy-2,6-bis(hydroxymethyl)pyridine (2.4.a). 
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completed using a naphthalene-catalyzed lithiation.150 The product (2.4) was isolated as 

a base with 18% yield. Although this yield is comparable to that achieved with the Green 

research group (L4 synthesis), the poor yield is most likely a result of the product 

remaining slightly soluble in the aqueous layer despite basification. However, future 

attempts to improve this step could focus on removing the solvent (organic and aqueous) 

to dryness and then performing an extraction to isolate the product.  

 

2.5. Design and synthesis of EW-pyridine modified NNN pincers, 2.5 and 2.6 

 

 

Scheme 2.6. Synthesis of 2.5 from 2,6-lutidine (2.5.a).  
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on the ring. This is a two-step process in which 2.5.c is first over-halogenated using NBS 

and light. The intermediate species is then partially debrominated using DIPEA and 

diethyl phosphite. The debromination step requires careful attention to timescale and 

stoichiometry and requires constant monitoring by TLC. The addition of DEA to the 

halogen derivative (2.5.e) is completed at room temperature to yield the desired product 

(2.5). This final reaction step proceeds at milder conditions compared to 2.1 – 2.4 because 

Br is a better leaving group than Cl. 

 

  

Scheme 2.7. Synthesis of 2.6 from 4-hydroxy-2,6-lutidine (2.6.a). 

  

 As shown in Scheme 2.7, synthesis of 2.6 was achieved using 4-hydroxy-2,6-
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CV) that can be used to evaluate how electronic changes to the pyridine ring impact the 

metal center.13, 48, 144 In addition, Cu-pincer complexation will ultimately provide 

information to understand catalytic or biological reactivity in future applications.18, 51  

 Complexation reactions of pincers 2.2 (p-H), 2.3 (p-OH), and 2.6 (p-Cl) were 

performed in water using similar methodology reported by the Green research group.13, 

48 Each pincer was first dissolved in a minimal amount of water with observed micelle 

formation as the pincers were isolated as bases. The pH was adjusted to a pH of 7 – 8 

using 0.1 M HCl. One equivalent of the metal salt, Cu(ClO4)2, was dissolved in a minimal 

amount of water and added dropwise to the ligand solution. An immediate color change 

was observed from a yellow solution to blue. The solutions were stirred overnight to 

ensure complexation. The crude metal-ligand solution was filtered and dried. The crude 

solid was dissolved in acetonitrile (CH3CN), filtered once more, and dried.  

 

2.7. Solid-state structure of Cu2.6 

 

Figure 2.4. (A) Asymmetric unit of Cu2.6 [010], (B) Cu2.6 with perchlorate ions excluded for 
clarity [010], and (C) Orientation of Cu2.6 highlighting the planar nature of the coordination 
complex [001]. 
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 Light blue crystals of X-ray quality were obtained for Cu2.6 by vapor diffusion of 

CH3CN and Et2O at -20 oC. The asymmetric unit contains one complete molecule of 

Cu2.6 with a perchlorate ion with a half complex and perchlorate. The structure obtained 

confirms the connectivity of pincer 2.6. One ligand molecule of 2.6 is bound to one Cu2+ 

ion with the fourth coordination site occupied by a Cl atom (Figure 2.4). The geometry is 

almost perfectly square planar (Figure 2.4C) with average bond angles of 90o within the 

four-coordinate complex. Within the macrocyclic library of the Green research group, L8 

is a pyclen-derivatized tetraaza macrocycle with a Cl atom in the para position of the 

pyridine ring within the macrocyclic library of the Green research group (Figure 1.7, Table 

2.1). Similar methods were used to produce the CuL8 complex and isolate a X-ray quality 

crystal. The solid-state structure of CuL8 shows a five-coordinate complex that exists in 

two separate geometry configurations (Table 2.1). Specifically, the fifth coordination site 

of CuL8 is occupied by a Cl atom similar to Cu2.6. The Cl is trans to the N-atom to the 

pyridine ring (N4) in the CuL8 apical connectivity isomer, while the Cl is 103.8o to the 

same N-atom in the CuL8 equatorial isomer (Table 2.1). The coordination sphere of 

Cu2.6 is quite similar to that observed of the CuL8 with an apical Cl atom. Specifically, 

the bond lengths (2.08 Å) between the N-atoms a to the pyridine rings are essentially 

identical with the N1 – Cu and N3 – Cu bond lengths of 2.08 Å (average) in Cu2.6 (Table 

2.2). The bond lengths observed for N4 – Cu (CuL8, 1.97 Å) and N2 - Cu (Cu2.6, 1.90 Å) 

are also in close agreement. The bond angle observed for the N4 – Cu – Cl (CuL8) is 

172.5o while Cu2.6 exhibits a N2 – Cu – Cl bond angle of 178.5o (Table 2.3). This angle 

observed in Cu2.6 shows the meridional coordination of the pincer to the Cu2+-metal ion, 

a characteristic of many pincer complexes (Figure 2.10C).134, 144  
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 Vedernikov and co-workers reported that the Cu-pincer coordination complex with 

diisopropyl arms was four-coordinate while the complex with diethyl arms was five-

coordinate.144 It was hypothesized by Vedernikov that the introduction of bulky arms such 

as isopropyl groups as compared to ethyl groups was the reason for changes in the 

coordination chemistry.144 However, Cu2.6 is a four-coordinate complex with 

diethylamine arms. The four-coordinate nature of the Cu-pincer complex is not solely 

dependent on the steric bulk of the pincer arms. It is most likely an effect of the crystal 

packing as well as the EW group on the pyridine ring. As compared to the literature, the 

bond lengths observed for N2 – Cu was 1.9387(24) Å while the Cu – Cl distance was 

2.2354(8) Å.144 Both bond lengths reported are slightly longer in length (N2 – Cu, Cu – Cl 

of Cu2.6). Despite changes in bond lengths observed in Cu2.6 as compared to the 

complex reported by Vedernikov144, compression is still representative of a Jahn-Teller 

distortion.     
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Table 2.1. Solid-state comparison of Cu2.6 and CuL8 to identify inner coordination sphere and 
atom labels. 
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Table 2.2. Selected bond lengths (Å) for CuL8 and Cu2.6. 

Selected bond 

lengths (Å) 
CuL8 (apical) CuL8 (equatorial) Cu2.6 

Selected bond 

lengths (Å) 

N1 - Cu 2.086(7) 2.048(6) 2.083(12) N1 - Cu 

N2 - Cu 2.232(7) 1.975(8) - - 

N3 - Cu 2.083(6) 2.073(7) 2.079(11) N3 - Cu 

N4 - Cu 1.977(6) 2.000(7) 1.903(9) N2 - Cu 

Cl – Cu 2.302(2) 2.287(2) 2.199(3) Cl – Cu 

 

Table 2.3. Selected bond angles (o) for L8Cu and Cu2.6. 

Bond Angles (o) CuL8 (apical) CuL8 (equatorial) Cu2.6 Bond Angles(o) 

N1 – Cu – N3 155.8(3) 154.5(3) 164.0(6) N1 – Cu – N3 

N4 – Cu – N2 92.4(2) 155.9(3) - - 

N4 – Cu - Cl 172.50(19) 103.8(2) 178.5(2) N2 – Cu - Cl 

 

2.8. Electrochemical comparison of Cu2.2, Cu2.3, and Cu2.6 

 Cyclic voltammetry was completed on Cu2.2, Cu2.3, and Cu2.6 to evaluate the 

relationship between the N-atom donor ability of the pyridine ring and the redox chemistry 

of the Cu center. A three-electrode set-up was used, including a glassy carbon working 

electrode, platinum auxiliary electrode, and Ag wire quasi-reference electrode in CH3CN 

with tetrabutylammonium perchlorate (TBAP, 0.1 M) as the electrolyte with Fc as the 

internal standard. The solid was dissolved in a minimal amount of CH3CN/TBAP solution 

and added to the cell. 

 A dark blue solution was observed upon addition of Cu2.2 to the electrochemical 

cell. All electrochemical data is outlined in Table 2.4 and Figure 2.5. The potential was 

scanned in the negative direction from 200 mV until a large reduction was observed Epc 
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(average) of – 542 mV with the corresponding Epa (average) of -428 mV. In addition, 

Cu2.2 has potentials more positive than that of the macrocyclic compound, CuL1. As 

reported by Lincoln and Johnston, the reduction potential (Epc) of CuL1 is observed at -

960 mV (vs. Fc).13, 48 Further examination comparing the v1/2 to current output (Ipa and Ipc) 

showed that the redox events were diffusion-controlled processes at scan rates below 

100 mV/s. 

 

Figure 2.5. Cyclic voltammogram overlays of Cu2.2 at scan rates of 20 – 500 mV/s (Experimental 
conditions: glassy carbon working electrode, platinum auxiliary electrode, Ag wire reference 
electrode, TBAP in CH3CN, vs. Fc). 

 

 

 

-1.0-0.50.00.5

-0.00005

0.00000

0.00005

0.00010

4 6 8 10

10

15

20

25

30

35

C
ur

re
nt

 (A
)

Potential (V) vs. Fc

 500 mV/s
 300 mV/s
 100 mV/s
 80 mV/s
 60 mV/s
 40 mV/s
 20 mV/s

 Ipa
 Ipc

C
ur

re
nt

 (µ
A)

v1/2

y = 2.8569x + 2.5026
R2 = 0.99

y = 3.0368x - 2.0590
R2 = 0.99



 48 

Table 2.4. Electrochemical data for Cu2.2 using a glassy carbon working electrode, platinum 
auxiliary electrode, and Ag wire quasi reference electrode (CH3CN, TBAP, vs. Fc).  

v (mV/s) Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E Ipa/Ipc 

500 -425 -561 49.3874 55.0393 -493 136 0.8973 
300 -435 -546 48.6519 45.1881 -490 112 1.0766 
100 -435 -538 28.0644 31.4519 -486 104 0.8922 
80 -435 -536 25.1438 27.7287 -485 102 0.9067 
60 -433 -537 21.3443 24.5548 -485 104 0.8692 
40 -428 -535 17.9599 20.3616 -482 107 0.8820 
20 -406 -544 11.0170 15.5123 -475 138 0.7102 

  

Upon addition of Cu2.3 to the electrochemical cell, a blue/green solution was 

observed. The cyclic voltammogram and the electrochemical data is outlined in Figure 

2.6 and Table 2.5. The addition of an -OH functionality on the para position of the pyridine 

ring in complex Cu2.3 results in shifts in the redox chemistry of the Cu2+ ion. The cyclic 

voltammogram showed a visible oxidation and reduction event for Cu2.2. The simple 

addition of the ED -OH moiety to the pyridine ring results in a cyclic voltammogram with 

only an observable reduction event. Specifically, the Epc (mV) of Cu2.3 is 300 mV more 

negative than that of Cu2.2. This is consistent with the donating capacity of the ligand. 

As compared to the macrocyclic with similar pyridine substitutions (L2), the reported Epc 

for CuL2 was -1030 mV (vs. Fc), more negative than that observed for Cu2.3. 
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Figure 2.6. Cyclic voltammetry of Cu2.3 at scan rates of 20 – 500 mV/s (Experimental conditions: 
glassy carbon working electrode, platinum auxiliary electrode, Ag wire reference electrode, TBAP 
in CH3CN, vs. Fc). 

 

Table 2.5. Electrochemical data for Cu2.3 using a glassy carbon working electrode, platinum 
auxiliary electrode, and Ag wire quasi reference electrode (CH3CN, TBAP, vs. Fc). 

v (mV/s) Epc (mV) Ipc (µA) 
500 -880 8.5420 
300 -862 7.0893 
100 -862 5.0935 
80 -858 4.7822 
60 -858 3.1098 
40 -854 2.1057 
20 -857 1.8830 
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to Cu2.2 and Cu2.3. Specifically, the EW Cl atom to the pyridine ring results in a cyclic 

voltammogram that has a reversible oxidation and reduction (E1/2 = -442 mV, 100 mV/s) 

event like Cu2.2. However, the shifts observed are 40 mV more positive as compared to 

Cu2.2 as the Cl atom is withdrawing. Cu2.6 has a more positive potential observed as 

compared to the CuL8 macrocyclic complex. The reported Epc value to date is -912 mV 

(vs. Fc) as determined by Green group member Brian Niebuhr. Further examination of 

the electrochemical data comparing the v1/2 to current output (Ipa and Ipc) showed that at 

scan rates below 100 mV/s a diffusion-controlled process exists. An overlay of the Cu2.2, 

Cu2.3, and Cu2.6 can be seen in Figure 2.8.  

 

 

Figure 2.7. Cyclic voltammetry of Cu2.6 at scan rates of 20 – 500 mV/s (Experimental conditions: 
glassy carbon working electrode, platinum auxiliary electrode, Ag wire reference electrode, TBAP 
in CH3CN, vs. Fc) 
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Table 2.6. Electrochemical data for Cu2.6 using a glassy carbon working electrode, platinum 
auxiliary electrode, and Ag wire quasi reference electrode (CH3CN, TBAP, vs. Fc). 

v (mV/s) Epa (mV) Epc (mV) Ipa (mA) Ipc (mA) E1/2 (mV) ∆E Ipa/Ipc 

500 -335 -552 0.0346 0.0604 -444 217 0.5728 
300 -337 -546 0.0305 0.0569 -442 209 0.5360 
100 -354 -529 0.0242 0.0389 -442 175 0.6221 
80 -359 -531 0.0210 0.0381 -445 172 0.5511 
60 -362 -527 0.0199 0.0327 -445 165 0.6085 
40 -367 -519 0.0201 0.0319 -443 152 0.6300 
20 -369 -515 0.0105 0.0209 -442 146 0.5023 

 

 

 

Figure 2.8. Cyclic voltammogram overlay of Cu2.2, Cu2.3, and Cu2.6 at 100 mV/s (Experimental 
conditions: glassy carbon working electrode, platinum auxiliary electrode, Ag wire reference 
electrode, TBAP in CH3CN, vs. Fc) 
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2.9. Conclusions and future applications 

 A library of pincer ligands was synthesized as a new generation of ligands within 

the Green research group. The overall design of the pincer library was focused on 

maintaining the pyridine backbone used within the Green group macrocyclic library with 

electron modulating functionalities at the para or meta position of the ring. Specifically, 

the NNN pincer library was designed to coordinate first row transition metals with an open 

coordination site.  This library will be further analyzed to investigate (1) stability, (2) metal 

binding affinity, (3) catalytic activity, and (4) antioxidant capability as compared to the first 

generation of macrocyclic ligands.  

 To date, the entire library has been synthesized in moderate yields as confirmed 

by 1H NMR and MS to date.  A solid-state structure was obtained for Cu2.6 to confirm 

connectivity of the metal ion to the pincer ligand. In addition, cyclic voltammetry 

experiments were completed on Cu2.2, Cu2.3, and Cu2.6 to compare the redox 

chemistry of the metal ion as a result of electron modulations on the pyridine ring. Cu2.3 

was observed to have a reduction more negative than Cu2.2, the control complex, 

consistent with the donating ability of the -OH functionality on the pyridine ring. Cu2.6 

was shown to have an oxidation and reduction events more positive than Cu2.2 as the 

addition of the Cl atom is EW. 

 Future applications of this pincer library will include evaluation of the coordination 

chemistry of the pincer ligands with first row transition metals. Upon complexation, the 

metal-pincer library can then be evaluated as catalysts as compared to the current 

macrocyclic library (Fe catalysis49 has been studied by Green group to date). The 

introduction of the versatile moieties on the pyridine ring also provide routes to 

synthetically modify and add chemical linkers for surface attachment. As such, upon 
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confirmation of catalytic activity, the library could be immobilized onto a solid surface and 

evaluated for heterogeneous catalysis.  

 

2.10. Experimental (methods and materials) 

 

Physical Methods and general considerations: Caution! Perchlorate salts are explosive 

and should be handled with care; such compounds should never be heated as solids. 

Reagents and solvents used for synthesis were purchased from many commercials 

sources and used as received, unless otherwise noted. All 1H NMR and 13C spectra were 

completed using a Bruker Avance III (400 MHz) High Performance Digital NMR 

spectrometer in CDCl3. High resolution mass spectrometry was completed at the 

University of North Texas Health Science Center by the Advanced Mass Spectrometry 

and Proteomics Laboratory (Fort Worth, TX). X-ray intensity data were collected on a 

Bruker D8 Quest diffractometer equipped with a Photon 100 CMOS detector and 

generator operating at 50 kV and 30 A. The indexing of Bragg intensities Bragg intensities 

was carried out with APEX2 package.154 Data reduction and absorption corrections were 

performed with the SAINT155 and SADABS156 software packages, respectively. Structures 

were solved by the direct method using the SHELXL-97 software and refined using 

SHELXL in the WinGX package. OLEX2 software was used to prepare material and 

graphics for publication.157 Cyclic voltammograms were obtained in a nitrogen 

atmosphere at 22 °C using a BASi EC Epsilon potentiostat equipped with a 3.0 mm glassy 

carbon working electrode, a platinum wire auxiliary electrode, and quasi Ag wire reference 

electrode. Measurements were performed in dry acetonitrile with 0.1 M TBAP as 

supporting electrolyte and Fc as the internal standard (E1/2 = 0.00 mV). 
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2.10.1. Synthesis of pincer library 

 

2.10.1.1. Synthesis of 2.1 

Synthesis of 2.1: Synthesis of 2.1 was synthesized using common methods within the 

Green group48 but has been previously synthesized using different methodology.144 2,6-

Bis(chloromethyl)pyridine (2.1.a, 2.0 g, 11.3 mmol) and triethylamine (1.5 mL, 10.7 mmol) 

were added to a flask with approximately 40 mL of acetonitrile. Diisopropylamine (5.0 mL, 

35.6 mmol) was diluted in 20 mL of acetonitrile and added dropwise under N2. The flask 

was heated to 60 oC under N2 for 72h. The reaction mixture was concentrated under 

vacuum until dry. The yellow oil was dissolved in chloroform and washed with sodium 

bicarbonate and water (3 x 50 mL). The organic layer was isolated, dried over Na2SO4, 

and dried to isolate a crude oil. The product was isolated by column chromatography 

(98:2 to 90:10, dichloromethane:methanol) to yield white crystals (2.1, 0.34 g, 1.11 mmol, 

10%). 1H NMR (400 MHz, CDCl3): 7.58 (t, 1H), 7.47 (d, 2H), 3.78 (s, 4H), 3.07 (m, 4H), 

1.04 (m, 24H).  

 

2.10.1.2. Synthesis of 2.2 

Synthesis of 2.2: Synthesis of 2.2 was based on common methods within the Green 

group48 but has been previously synthesized using different methodology.144 2,6-

Bis(chloromethyl)pyridine (2.1.a, 2.0 g, 11.3 mmol) and potassium carbonate (4.7 g, 34.1 

mmol) were added to a flask with approximately 40 mL of acetonitrile. Diethylamine (2.35 

mL, 22.7 mmol) was added dropwise to the flask. The reaction mixture was heated to 100 

oC under nitrogen for 48h and then concentrated under vacuum. The brown mixture was 

dissolved in dichloromethane and washed with water (3 x 50 mL). The organic layer was 



 55 

collected, dried, and concentrated once more under vacuum. A dark brown oil was 

isolated (2.2, 1.4 g, 5.7 mmol, 53%). 1H NMR (400 MHz, CDCl3): 7.59 (t, 1H), 7.33 (d, 

2H), 3.70 (s, 4H), 2.58 (q, 8H), 1.04 (t, 12H). 13C NMR (100 MHz, CDCl3): 159.77, 136.56, 

120.59, 59.68, 47.32, 11.92. ESI MS (m/z): Found: 250.2254 [2.2 + H]+, Theoretical: 

250.40 [2.2 + H]+. 13, 48, 144  

 

2.10.1.3. Synthesis of 2.3. 

Synthesis of 2.3b-e followed common methods within the Green group.48 

Synthesis of 2.3.b: Chelidamic acid (2.3.a, 5.0 g, 27.3 mmol) was dissolved in 100 mL of 

absolute ethanol. The reaction flask was placed on ice and thionyl chloride (3.9 mL, 54.6 

mmol) was added dropwise. The flask was removed from the ice and heated to 80 oC for 

4h under nitrogen. The reaction mixture was cooled to room temperature and 

concentrated under vacuum. Toluene was added to the resulting oil and concentrated 

under reduced pressure once more (repeated twice). Water (30 mL) and diethyl ether (30 

mL) were added to the oil and a brown solid precipitated that was isolated by vacuum 

filtration (2.3.b, 5.9 g, 24.6 mmol, 90.8%). 1H NMR (400 MHz, CDCl3): 7.33 (s, 2H), 4.49 

(q, 4H), 1.43 (t, 6H).13, 48, 158 

 

Synthesis of 2.3.c: K2CO3 (6.8 g, 49.2 mmol) and 2.3.b (5.9 g, 24.6 mmol) were dissolved 

in 200 mL acetonitrile. Benzyl bromide (3.2 mL, 27.1 mmol) was added dropwise to the 

reaction flask. The reaction was stirred for 12h under nitrogen at 80 oC. The reaction 

mixture was cooled to room temperature and vacuum filtered to remove K2CO3. The 

filtrate was collected and concentrated under vacuum to afford a dark brown oil. Hot 

hexanes was added to the oil and brown crystals precipitated upon sonication. The 
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product was isolated by vacuum filtration as a brown solid (2.3.c, 7.9 g, 24.0 mmol, 

97.5%). 1H NMR (400 MHz, CDCl3):  7.86 (s, 2H), 7.43 (m, 5H), 5.22 (s, 2H), 4.48 (q, 4H), 

1.45 (t, 6H).13, 48, 158   

 

Synthesis of 2.3.d: Compound 2.3.c (7.9 g, 24.0 mmol) was dissolved in a minimal 

amount of absolute ethanol (100 mL). Sodium borohydride (3.6 g, 95.9 mmol) was added 

to the flask and the reaction stirred for 12h at 40 oC. Water was added to the reaction 

flask to quench the reducing agent. The reaction mixture was vacuum filtered. 

Concentrated hydrochloric was added to the filtrate until effervescence ceased. The 

solution was concentrated under reduced pressure until dry. The resulting brown solid 

was dissolved in absolute ethanol. The mixture was vacuum filtered to remove any salts 

that did not dissolve in the organic solvent. The filtrate was concentrated once more under 

reduced pressure to afford a light brown solid (2.3.d, 5.3 g, 21.9 mmol, 91.5%). 1H NMR 

(400 MHz, DMSO): 7.43 (m, 7H), 5.45 (s, 2H), 4.75 (s, 4H).13, 48, 159 

 

Synthesis of 2.3.e: Compound 2.3.d (5.3 g, 21.6 mmol) was dissolved in 60 mL THF. 

Thionyl chloride (6.2 mL, 86.4 mmol) was added dropwise to the flask. The reaction 

mixture was heated to 60 oC under nitrogen for 4h. The reaction mixture was cooled to 

room temperature. The mixture was neutralized with a saturated sodium bicarbonate 

solution until a pH of 7 was achieved. The solution was concentrated under vacuum. The 

resulting solid was dissolved in chloroform and washed with water (3 x 50 mL). The 

organic layer was collected, dried over Na2SO4, and concentrated under reduced 

pressure to afford a brown solid (2.3.e, 4.3 g, 15.3 mmol, 70.9%). 1H NMR (400 MHz, 

CDCl3): 7.41 (m, 5H), 7.03 (s, 2H), 5.14 (s, 2H), 4.60 (s, 4H).13, 48, 160  
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Synthesis of 2.3.f: K2CO3 (2.9 g, 21.2 mmol) and 2.3.e (2.0 g, 7.0 mmol) were dissolved 

in 50 mL DMF. Diethylamine (1.5 mL, 14.1 mmol) was added dropwise to the reaction 

mixture. The reaction was heated to 100 oC and placed under nitrogen for 48h. The 

reaction flask was cooled to room temperature. K2CO3 was separated by vacuum 

filtration. The filtrate was collected and concentrated under reduced pressure. The brown 

oil was dissolved in dichloromethane (50 mL) and washed with water (3 x 50 mL). The 

organic layer was collected, dried over Na2SO4, and concentrated under reduced 

pressure. The resulting oil was viscous and dark brown in color (2.3.f, 2.3 g, 6.7 mmol, 

95%). 1H NMR (400 MHz, CDCl3): 7.38 (m, 5H), 7.01 (s, 2H), 5.11 (s, 2H), 3.65 (s, 4H), 

2.57 (q, 8H), 1.02 (t, 12H).13, 48, 51  

 

Synthesis of 2.3.g (2.3): Lithium pellets (0.80 g, 56.2 mmol) and naphthalene (0.90 g, 7.0 

mmol) were dissolved in 100 mL of anhydrous THF and sonicated briefly (< 1 min) to 

activate the lithium. The flask was placed under nitrogen over a dry ice-acetone bath. 

2.3.f (1.0 g, 2.8 mmol) was dissolved in a minimal amount of THF and added dropwise to 

the lithium-naphthalene solution. Upon addition of 2.3.f, the flask was allowed to warm to 

room temperature and stirred under nitrogen for 24h. Next, water was added to hydrolyze 

the lithium. The THF-water mixture was washed with diethyl ether (3 x 100 mL). The THF-

water layer was collected and volatile THF removed under reduced pressure. 

Dichloromethane (6 x 100 mL) was used to extract the product from the remaining 

aqueous mixture. The organic layer was collected, dried over Na2SO4, and concentrated 

under reduced pressure to yield a light yellow oil was isolated (2.3, 119 mg, 0.45 mmol, 

16%). 1H NMR (400 MHz, CDCl3): 6.15 (s, 2H), 3.47 (s, 4H), 2.55 (q, 8H), 1.02 (t, 12H). 
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13C NMR (100 MHz, CDCl3): 180.79, 147.97, 114.23, 54.22, 47.66, 12.27. ESI MS (m/z): 

Found: 266.2206 [2.3 + H]+, Theoretical: 266.40 [2.3 + H]+.13, 150  

 

2.10.1.4. Synthesis of 2.4 

Synthesis of 2.4b-c followed common methods within the Green group.48 

 

Synthesis of 2.4.b: K2CO3 (10.8 g, 78.2 mmol) and 2.4.a (5.0 g, 26.0 mmol) were 

dissolved in 100 mL of acetonitrile (CH3CN). Benzyl bromide (3.4 mL, 28.7 mmol) was 

cautiously added dropwise to the flask. The reaction was heated to 80 oC for 12h under 

N2. Potassium carbonate was removed by vacuum filtration and the filtrate concentrated 

under vacuum. The resulting oil was treated with hot hexanes to afford light yellow crystals 

(2.4.b, 5.7 g, 23.4 mmol, 90%). 1H NMR (400 MHz, CDCl3): 7.38 (m, 5H), 7.19 (d, 2H), 

5.12 (s, 2H), 4.83 (s, 2H), 4.72 (s, 2H).13, 48, 51, 161 

 

Synthesis of 2.4.c: Compound 2.4.b (5.7 g, 23.4 mmol) was dissolved in a minimal 

amount of THF (50 mL). Thionyl chloride (5.0 mL, 69.7 mmol) was cautiously added 

dropwise. The flask was heated to 60 oC under N2 for 4h. The flask was cooled to room 

temperature. The reaction mixture was neutralized with NaHCO3 to pH 7. The mixture 

was concentrated under vacuum. The resulting solid was dissolved in chloroform and 

washed with water (3 x 50 mL). The organic layer was collected, dried over Na2SO4, and 

concentrated under reduced pressure to afford a yellow solid (2.4.c, 5.2 g, 18.4 mmol, 

79%). 1H NMR (400 MHz, CDCl3): 7.40 (m, 5H), 7.25 (d, 2H), 5.18 (s, 2H), 4.77 (s, 2H), 

4.6 (s, 2H).13, 48, 160 
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Synthesis of 2.4.d: K2CO3 (2.9 g, 21.2 mmol) and 2.4.c (2.0 g, 7.1 mmol) were dissolved 

in 50 mL DMF. Diethylamine (1.5 mL, 14.1 mmol) was added dropwise to the reaction 

mixture. The reaction was heated to 100 oC under nitrogen for 48h. The reaction flask 

was cooled to room temperature. K2CO3 was removed by vacuum filtration. The filtrate 

was collected and volatiles concentrated under reduced pressure. The oil was dissolved 

in dichloromethane and washed with water (3 x 50 mL). The organic layer was collected, 

dried over Na2SO4, and concentrated under reduced pressure. The resulting oil was 

viscous and dark brown in color (2.4.d, 1.6 g, 4.5 mmol, 57%). 1H NMR (400 MHz, CDCl3): 

7.37 (m, 5H), 7.25 (d, 1H), 7.15 (d, 1H), 5.08 (s, 2H), 3.80 (s, 2H), 3.68 (s, 2H), 2.64 (q, 

4H), 2.57 (q, 4H), 1.04 (dt, 12H).13, 48, 51 

 

Synthesis of 2.4.e: Lithium pellets (0.3 g, 44.7 mmol) and naphthalene (0.7 g, 5.5 mmol) 

were dissolved in 100 mL of anhydrous THF and sonicated briefly (< 1 min) to activate 

the lithium. The flask was placed under nitrogen over a dry ice-acetone bath. 2.4.d (0.8 

g, 2.2 mmol) was dissolved in a minimal amount of THF and added dropwise to the 

lithium-naphthalene solution. Upon addition of 2.4.d, the flask was allowed to warm to 

room temperature and stirred under nitrogen for 24h. Next, water was added to hydrolyze 

the lithium. The THF-water mixture was washed with diethyl ether (3 x 100 mL). The THF-

water layer was collected and volatile THF removed under reduced pressure. 

Dichloromethane (6 x 100 mL) was used to extract the product from the remaining 

aqueous mixture. The organic layer was collected, dried over Na2SO4, and concentrated 

under reduced pressure to yield a yellow oil was isolated (2.4, 0.1 g, 0.4 mmol, 18%). 1H 

NMR (400 MHz, CDCl3): 7.20 (d, 1H), 7.03 (d, 1H), 3.95 (s, 2H), 3.59 (s, 2H), 2.66 (q, 

4H), 2.55 (q, 4H), 1.11 (t, 6h), 1.03 (t, 6H). 13C NMR (100 MHz, CDCl3): 153.11, 141.87, 
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123.36, 122.64, 59.66, 58.93, 47.01, 46.95, 11.75, 11.26, 1.04. ESI MS (m/z): Found: 

266.01 [2.4 + H]+, Theoretical: 266.40 [2.4 + H]+.13, 150 

 

2.10.1.5. Synthesis of 2.5 

Synthesis of 2.5b-e were based on recently developed methods within the Green group,48 

which are based on methodologies reported by Achmatowicz.151 

 

Synthesis of 2.5.b: Compound 2.5.a (21.0 mL, 180.3 mmol) was dissolved in glacial acetic 

acid (56 mL) and H2O2 was added dropwise (35.0 mL, 1132.0 mmol). The reaction 

mixture was heated to 100 oC for 24h. The flask was cooled to room temperature and 

concentrated under vacuum. The oil was basified to pH 14 with K2CO3 solution and 

extracted with dichloromethane (3 x 50 mL). The organic layer was collected, dried over 

Na2SO4, and concentrated under vacuum to afford a light-yellow oil (2.5.b, 24.1 g, 22.2 

mmol, 92%). 1H NMR (400 MHz, CDCl3): 6.95 (m, 3H), 2.53 (s, 6H).151 

 

Synthesis of 2.5.c: Compound 2.5.b (4.8 g, 38.9 mmol) was placed in a 100 mL flask. 

H2SO4 (11.5 mL, 211.0 mmol) was added dropwise to the flask. HNO3 (4.0 mL, 93.9 

mmol) was then added dropwise to the flask. The mixture was heated to 85 oC for 24h 

and then was cooled to room temperature. The reaction mixture was added dropwise to 

a flask of water (200 mL) at 0 oC and a white precipitate formed. The aqueous solution 

was isolated and extracted into chloroform (3 x 100 mL). The organic layer was collected 

and added to the white precipitate. The organic layer was washed with 1 M NaOH solution 

(3 x 100 mL). The organic layer was collected, dried over Na2SO4, and concentrated 
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under vacuum. A white-yellow solid was isolated (2.5.c, 4.4 g, 26.1 mmol, 67%). 1H NMR 

(400 MHz, CDCl3): 8.05 (s, 2H), 2.60 (s, 6H).  

 

Synthesis of 2.5.d: PCl3 (4.0 mL, 45.8 mmol) was added dropwise to a flask of 2.5.c (2.2 

g, 13.0 mmol) dissolved in chloroform at 0 oC. The flask was removed from the ice and 

heated to 62 oC for 4h. The reaction was then cooled to room temperature. The reaction 

mixture was basified to pH 14 with 5 M NaOH. The aqueous mixture was extracted into 

chloroform and the organic layer was collected, dried over Na2SO4, and concentrated 

under vacuum to afford a light-yellow oil. The oil was separated by column 

chromatography (3:1 hexanes:ethyl acetate, Rf = 0.36) to afford a light-yellow oil, which 

crystallized upon standing. 1H NMR (400 MHz, CDCl3): 7.70 (s, 2H), 2.68 (s, 6H).  

 

Synthesis of 2.5.e: N-bromosuccinimide (15.7 g, 88.3 mmol) and 2.5.d (2.1 g, 13.8 mmol) 

were dissolved in benzene (100 mL). The reaction flask was stirred for 3d at 80 oC under 

N2 with irradiation from a 200W visible light. Solvent was removed under vacuum and the 

resulting solid was dissolved in diethyl ether (60 mL) and filtered through a celite and 

Na2SO4 (1:1) mixture to remove any un-reacted bromine species. The filtrate was 

collected and concentrated under vacuum. The red oil was dissolved in anhydrous THF 

and stirred at 0 oC. DIPEA (9.8 mL, 56.5 mmol) was added dropwise. Next, diethyl 

phosphite (7.2 mL, 56.5 mmol) was added dropwise. The reaction mixture was stirred at 

room temperature for 30 minutes. Water was added (100 mL) to quench the diethyl 

phosphite. The organic volatile solvent was removed under vacuum until the organic layer 

was removed and the remaining aqueous layer was washed with NaHCO3 and extracted 

into diethyl ether. The organic layer was collected, filtered through a celite and Na2SO4 



 62 

mixture (1:1), and concentrated under vacuum. The crude product was purified by column 

chromatography (10:1 hexanes:ethyl acetate, Rf = 0.36) to afford a dark red oil (2.5.e, 1.4 

g, 4.2 mmol, 31%). 1H NMR (400 MHz, CDCl3): 8.10 (s, 2H), 4.62 (s, 4H).  

 

Synthesis of 2.5.f: K2CO3 (0.26 g, 1.92 mmol) and 2.5.e (0.20 g, 0.64 mmol) were 

dissolved in 40 mL of dimethylformamide in a reaction flask. Diethylamine (0.13 mL, 1.28 

mmol) was added dropwise to the reaction mixture, which was then stirred at room 

temperature for 24h. The solvent was removed under vacuum. The resulting mixture was 

dissolved in dichloromethane and washed with water (3 x 50 mL). The organic layer was 

collected, dried over Na2SO4, and concentrated under reduced pressure. The product 

was isolated as a light orange oil (2.5, 130 mg, 0.44 mmol, 69%). 1H NMR (400 MHz, 

CDCl3): 8.09 (s, 2H), 3.80 (s, 4H), 2.61 (q, 8H), 1.06 (t, 12H). 13C NMR (100 MHz, CDCl3): 

164.26, 155.49, 113.01, 59.25, 47.62, 12.05. ESI MS (m/z): Found: 266.01 [2.5 + H]+, 

Theoretical: 266.40 [2.5 + H]+. 

 

2.10.1.6. Synthesis of 2.6 

Synthesis of 2.6 is based on recently developed methods within the Green group,48 which 

are based on methodologies reported by Achmatowicz.151 

 

Synthesis of 2.6.b: 4-hydroxy-2,6-methyllutidine (2.6.a, 8.5 g, 69 mmol) was dissolved in 

phosphoryl chloride (POCl3, 16 mL, 171 mmol) and heated to 120 oC for 2h. The reaction 

was cooled to room temperature. At 0 oC, the POCl3 was quenched with H2O until 

effervescence ceased. NaOH pellets were added until a pH of 9 was achieved. The 

solution was extracted into dichloromethane (3 x 100 mL). The organic layer was 
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collected, dried over Na2SO4, and concentrated under reduced pressure. A light-yellow 

oil was isolated (2.6.b, 8.6 g, 60.7 mmol, 91%). 1H NMR (400 MHz, CDCl3): 6.93 (s, 2H), 

2.45 (s, 6H).  

 

Synthesis of 2.6.c: 2.6.b (1.9 g, 13.4 mmol) was placed in a pressure flask and dissolved 

in 90 mL of carbon tetrachloride. N-bromosuccinimide (NBS, 9.9 g, 55.6 mmol) was added 

to the flask, which was sealed tightly and heated to 70 oC under a 200W visible light for 

6h. The reaction was cooled to room temperature. The reaction mixture was filtered 

through a pad of celite before being concentrated under vacuum. The resulting dark red 

oil was collected and dissolved in 140 mL of THF and placed on ice. DIPEA (7.2 mL, 41.3 

mmol) was added dropwise to the flask immediately followed by the dropwise addition of 

diethyl phosphite (8.0 mL, 62.1 mmol). The flask was removed from the ice bath and 

stirred at room temperature for 3h. Water (40 mL) was added to the flask. THF was 

removed under reduced pressure. The resulting aqueous mixture was extracted into 

dichloromethane and washed with NaHCO3 solution. The organic layer was collected, 

dried over Na2SO4, and concentrated under vacuum. The resulting oil was purified by 

column chromatography (10:1, hexanes: ethyl acetate, Rf = 0.27). The product was 

collected and concentrated under vacuum to afford a light, yellow solid (2.6.c, 1.6 g, 5.3 

mmol, 40%). 1H NMR (400 MHz, CDCl3): 7.39 (s, 2H), 4.48 (s, 4H).  

 

Synthesis of 2.6.d: K2CO3 (1.9 g, 13.7 mmol) and 2.6.c (1.0 g, 3.34 mmol) were added to 

the reaction flask and dissolved in dimethylformamide (40 mL). Diethylamine (0.7 mL, 6.7 

mmol) was added dropwise to the reaction mixture, which was stirred at room 

temperature for 24h. The reaction mixture was concentrated under vacuum. The resulting 
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solid was dissolved in dichloromethane and washed with water (3 x 50 mL). The organic 

layer was collected, dried over Na2SO4, and concentrated under reduced pressure. The 

product was isolated as a light orange oil (2.6.d, 0.6 g, 2.1 mmol, 64%). 1H NMR (400 

MHz, CDCl3): 7.39 (s, 2H), 3.67 (s, 4H), 2.57 (q, 8H), 1.04 (t, 12H). 13C NMR (100 MHz, 

CDCl3): 161.91, 145.07, 120.76, 59.28, 47.44, 11.95. ESI MS (m/z): Found: 284.1863 [2.6 

+ H]+, Theoretical: 284.84 [2.6 + H]+. 

 

2.10.2. Crystal growth and complexation of CuL8 

Crystal growth: Crystals of Cu2.6 were grown by the vapor-diffusion method. A saturated 

solution was made by dissolving Cu2.6 in acetonitrile. The saturated solution 

(approximately 2 ml) was placed inside a small vial (capacity 5 ml), which was then set 

gently inside a larger vial (capacity 10 ml). To the larger vial, diethyl ether (6 ml) was 

added, and the entire sample was capped, sealed with parafilm, and allowed to sit at -20 

oC. Small green blocks formed after two weeks. One of the smaller crystals was selected 

and used. 

 

Complexation of L8 with Cu(ClO4)2: L8 (49.1 mg, 0.13 mmol) was dissolved in 10 mL of 

water. The pH was adjusted to 7.0 using 0.1 M NaOH. Cu(ClO4)2 (55.1 mg, 0.15 mmol) 

was dissolved in 5 mL of water and added dropwise to the ligand solution. The blue 

solution was stirred overnight to ensure complexation. The mixture was filtered and 

concentrated under vacuum. The blue solid was dissolved in CH3CN, filtered, and 

concentrated to dryness to isolate a blue solid.  
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Crystal growth of CuL8: The blue solid was dissolved in a minimal amount of water (1 

mL) and filtered. Slow evaporation of water resulted in blue, needle-like crystals of X-ray 

quality. 

 

2.10.3. Electrochemical parameters for Cu2.2, Cu2.3, and Cu2.6 

Cyclic voltammetry of Cu2.2, Cu2.3, and Cu2.6: A three electrode set-up was used 

including a glassy carbon working electrode, platinum auxiliary electrode, and Ag quasi 

reference electrode. The experiment was completed in 10 mL CH3CN with 

tetrabutylammonium perchlorate (TBAP, 0.1 M) as the supporting electrolyte. Fc was 

used as the internal standard. 

 The solution was purged with nitrogen until a background scan was completed 

focusing on the scan window of +1 V to -1 V until no oxygen signal was observed. Upon 

a clean background scan, a minimal amount of CH3CN/TBAP was used to dissolve the 

metal complex. The colored solution was added to the electrochemical cell. Scans were 

completed at 500 mV/s – 20 mV/s within the window of ±1 V. Between each scan the 

electrode was polished to ensure that no complex was adsorbing to the surface.  

 

2.10.4. Experimental Acknowledgments  

 I would like to thank Tim Schwartz for help in repeating experiments to confirm 

synthetic protocols used and acquiring final NMR’s. 
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Chapter 3: Understanding the environment effects of chitosan as an immobilization 

medium for ferrocene-based biosensors 

 

3.1.1. Immobilization using chitosan 

 Immobilization can be achieved through three techniques: (1) adsorption, (2) 

covalent bonding or attachment, and (3) encapsulation.162 Both absorption and covalent 

bonding approaches have the potential to alter the chemistry of known complexes, such 

as solubility.162 However, encapsulation is a route that focuses on confining a system 

within a larger host taking advantage of the inherent compositional properties of the larger 

host.162 A range of materials have been explored as immobilization media through 

encapsulation or entrapment.105, 162-163 Chitosan, a chitin derivative, shows unique 

features well-suited for biosensor applications.126-127 

 

 

Figure 3.1. Chitin and chitosan repeating subunits. 
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Chitin is a naturally occurring linear polymer composed of N-acetylglucosamine 

subunits, a cellulose derivative with an acetoamide group on the C-2 position.164 Located 

within the exoskeletons of many invertebrates, chitin is highly hydrophobic.164 However, 

deacetylation of chitin results in chitosan, a positively-charged, naturally occurring 

polymer (Figure 3.1).165 The distinction of chitosan from chitin is dependent on the degree 

of deacetylation of at least 60%.165-166  The resulting free amine functionalities provide the 

environment known for chitosan’s inherent characteristics; specifically, the positive 

charge and resulting water solubility.164-165 The ease of formation of chitosan thin films 

and incorporation of other molecules into the matrix makes this an accessible avenue for 

enzyme and biosensor immobilization. 

 

3.1.2. Biosensors within the Green group 

The Green research group has recently developed a small library of low molecular 

weight electrochemical biosensors for quantification of avidin in solution as a model 

system for future electrochemical biosensor platforms.1 Each biosensor in this library is 

composed of a biotin receptor with a redox active Fc core. Any interaction between the 

biotin substrate and the avidin receptor can be electrochemically monitored using cyclic 

voltammetry as well as square wave voltammetry. The encouraging results of this model 

system in solution led us to pursuits for optimization through immobilization, focusing on 

manipulation of the terminal linker. Although the linkers shown in Figure 3.2 were added 

with specific electrode surfaces in mind, chitosan polymer films provide an alternative as 

the entire library of compounds can be immobilized under the same conditions. The 

linkers, in this case, provide non-covalent interactions through hydrogen bonding and p-

stacking interactions within the chitosan. The environmental effects of the chitosan, 
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including charge, have not been fully analyzed in reference to the redox activity of the Fc. 

To minimize additional changes associated with covalent attachment of the library to the 

chitosan, encapsulation will be the primary focus of this study. The complete library of 

compounds described herein is outlined in Figure 3.2. All complexes that have been 

previously published are designated complexes 3.1-3.3 and 3.6.1 The remainder of the 

compounds are reported for the first ime here. Complexes 3.4, 3.6, 3.7, and 3.9 all contain 

a terminal thiol functionality with the overall terminal linker length increasing from 6 

carbons (3.4) to 8 carbons (3.6 and 3.7) and, finally 11 carbons (3.9), within the series. 

Complexes 3.5 and 3.8 contain terminal amine functionalities with linker length increasing 

from 6 carbons (3.5) to 8 carbons (3.8).  
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3.1.3. Applications of Fc-containing complexes 

Fc-containing complexes have been used outside of traditional organometallic 

chemistry as therapeutics utilizing the redox active Fe center as well as the easy 

derivatization of the metallocene (Figure 3.3).167 To date, Fc has been investigated both 

in vivo and in vitro as an anti-fungal168, anti-cancer169-170, and anti-malarial agent.108, 115, 

167, 171-173 The synthetic addition of Fc to known therapeutic molecules also provides 

versatility to known cytotoxic compounds as it has been introduced to combat drug 

resistance.115  

Fc-biotin conjugates have been investigated as therapeutics to target cancer 

cells.169 The biotin functionality is used as biological vector for selectivity and delivery into 

cancer cells.9, 174 As cancer cell proliferation relies on high metabolic rates, cancer cells 

require an increased uptake of biotin (Vitamin H) necessary for cell growth.169, 174 

Specifically, cancer cells often begin to overexpress biotin-specific receptors on the 

surface and have higher expression of sodium-dependent multivitamin transporter 

(SMVT), a biotin transport system.174-175 Plażuk and co-workers studied the cytotoxicity 

of Fc-biotin conjugates at concentrations between 3.0 nm and 30 µM in SW620 cell line 

(colon adenocarcinoma) observing an IC50 of 26.2 ± 1.4 µM.169 This research focused on 

using biological vectors such as biotin with a cytotoxic functional group, like Fc, as a 

possible therapeutics (Figure 3.3B).  
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Figure 3.3. Fc conjugates studied as anti-fungal (A)168, anti-cancer (B)169, and anti-malarial (C).115, 171  

  

 The addition of Fc to small molecule therapeutics has also been investigated to 

overcome drug resistance. For example, chloroquine (CQ) is drug currently on the 

marked used in the treatment of malaria (Figure 3.3C).115 However, drug resistance of P. 

falciparum to CQ and other market drugs is a major concern.115 Ferroquine (FQ), the 

addition of Fc to CQ, has been effective against CQ-resistant in P. falciparum.115, 176 

Specifically, the addition of Fc is hypothesized to reduce the formation of hemozoin, the 

product of free heme degradation.172 Under the environmental conditions observed within 

the digestive vacuole of malarial parasites, the oxidation of Fe2+ to Fe3+ in Fc is known to 

generate hydroxyl radicals eventually leading to cell death.115  

 

3.1.4. Chitosan immobilization of biotin-Fc biosensors 

 Chitosan was utilized as an immobilization polymer through entrapment of 3.1 – 

3.9 with the formation of a thin film upon slow evaporation of water and ethanol solutions 

on a glassy carbon electrode surface. Electrochemical signals associated with the Fc 

were observed for the entire library under biological conditions; however, the signals 

observed were transient and current output decreased within minutes. To fully understand 

this observation, a complete analysis of the modified films was completed using cyclic 
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voltammetry (CV), square wave voltammetry (SW), field emission scanning microscopy 

(FESEM), energy dispersive X-ray (EDX), and UV-visible spectroscopy. Overall, the 

biosensor signal can be maintained in aqueous media and remains relatively stable 

and/or reproducible within the first few scans. Further analysis indicates only minimal 

release of the biosensor molecules occurs, suggesting movement of the Fc within the 

chitosan films away from the electroactive area of the electrode surface. This observation 

should be considered in future designs that employ chitosan for biosensors applications.   

 Additionally, biotin-Fc derivatives were studied for applications outside of sensing 

using electrochemical techniques to show that other means of absorption are plausible. 

In collaboration with the Akkaraju research group, biotin-Fc conjugates (3.1 – 3.9) were 

investigated for cytotoxic activity against a variety of cell lines, including non-cancerous 

and cancerous, to evaluate selectivity using biotin as a biological vector.177 In 

collaboration with the Naumov research group, graphene oxide (GO) was covalently 

attached to 3.5. GO is a highly conjugated carbon-based material functionalized with 

oxygen-containing groups including alcohols, carboxylic acids, and aldehydes.178-179 GO 

is known to disperse readily under biological conditions and is fluorescently active. The 

functionalization of GO with sensor molecules provides an additional sensing route to 

quantify proteins in solution, such as avidin, as well as increased dispersion within 

biological media as means to increase drug delivery.180  

 

3.2. Electrochemical evaluation of 3.1 – 3.9 in solution 

  A library of biotin-containing Fc compounds was synthesized using solid phase 

peptide techniques.1, 181 This library (3.4 - 3.9) possesses a substrate (biotin), an 

electroactive core (Fc), and a linker with varied termini (-SH, -NH2). The linkers used are 
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well documented in the literature for immobilization onto various surfaces, gold (-SH)125, 

182-183 and carbon (-NH2)184-186 in particular. The length of the linker was also varied within 

each series. As the basis of comparison for the long-term goals of developing 

electrochemical biosensors, cyclic voltammetry was completed on the full biosensor 

library (Figure 3.2) in solution (DMF, [Bu4N][BF4]) using the internal standard 

bis(pentamethylcyclopentadienyl) iron (II) (Cp*). The voltammogram overlay (Figure 3.4) 

shows shifts (mV) congruent with changes to the localized electron density near the Fc 

core based on substitution of the cyclopentadieneyl (Cp) ring. Specifically, the close 

proximity of the electron donating amine (-NH2) on the Cp ring in 3.2 results in a shift 

approximately 400 mV more negative to that of 3.1 (-H). The addition of an amide 

functionality to each cyclopentadienyl ring near the Fc results in a shift only 110 mV more 

negative than 3.1. This observation is consistent to the slight donating ability of the amide 

functionality as the majority of the electron density resonates within the carboxyl group 

and nitrogen atom. All electrochemical data is outlined in Table 3.1.  
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Figure 3.4. Cyclic voltammogram of 3.1 - 3.9. (Experimental conditions: glassy carbon working electrode, 
platinum auxiliary electrode, Ag wire reference electrode, [Bu4N][BF4] in DMF, 500 mV/s, internal standard 
= Cp*). 

 

Table 3.1. Electrochemical data for 3.1 - 3.9 using a glassy carbon working electrode, platinum auxiliary 
electrode, and Ag wire reference electrode (internal standard = Cp*).  

500 mV/s 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 
Epa (mV) 661 271 629 551 555 588 551 556 550 
Epc (mV) 577 173 509 466 470 430 466 454 459 
∆E (mV) 84 98 120 85 85 158 85 102 91 
E1/2 (mV) 619 222 569 509 513 509 509 505 505 
Ipa/Ipc 0.8932 1.0077 0.7717 1.3969 1.1651 1.4560 0.7814 1.5812 0.8130 

 

3.3.  Biotin-avidin interaction under biological conditions (3.3) 

 The ability of these complexes to quantify a target protein in solution, specifically 

avidin, was investigated using cyclic voltammetry (CV) and square wave voltammetry 

(SW). As avidin interacts with the biotin covalently attached to the Fc core, a gradual 

current depletion is observed until saturation occurs (4:1 molar equivalents, biotin:avidin, 

avidin = 40 µM). As Fc has a stable Fe2+ metal center, SW experiments were completed 

focusing on the oxidation of the sensor, scanning from 0 to 1000 mV. The non-linear 

nature of the current signal depletion (Figure 3.5) is most likely a result of multiple biotin-
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Fc complexes interacting with one avidin rather than a simple 1:1 interaction in solution 

and this is consistent with the known 4:1 biotin:avidin interaction.  Overall, it remains true 

that this system, 3.3, can be used as an ‘on-off’ sensor in solution for avidin under 

biological conditions.1 However, the remaining library of complexes 3.4 - 3.9 are not 

soluble under aqueous conditions, most likely a result of the hydrophobic aliphatic 

functionalities and the biotin moiety; thus, biological conditions cannot be simulated for 

further explorations in aqueous solution. Therefore, chitosan immobilization provides a 

route to overcome issues with solubility. 

 

 

Figure 3.5. (A) SW of 3.3 with a gradual increase in molar equivalents of avidin in solution until 
saturation is met (4:1, biotin:avidin). (B) Represents a data fitting to show the correlation between 
the increase in concentration of the avidin (M) and decrease in current output (µA) in solution. 

 

3.4.  Immobilization of 3.1 – 3.9 in chitosan (3.1CH – 3.9CH) 

 Chitosan was explored as an immobilization medium due to biocompatibility, low 

cost, and the ease at which it is obtained from commercial sources.163, 187-188 Two 

immobilization methods using chitosan are used throughout the existing literature: (A) 

entrapment through intermolecular and electrostatic forces130, 189-191 and (B) covalent 

attachment128, 192-193. The entrapment approach to immobilization of 3.1 – 3.9 (Figure 3.2) 
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will be the general focus of this discussion as the microenvironmental effects of the 

chitosan on the Fc redox activity is explored. Chitosan thin films are an effective and facile 

method to obtain non-covalently immobilized complexes for electrochemical evaluation. 

The chitosan solution was prepared according to a literature method using a 1.0% by 

weight solution in dilute HCl (0.05 M).126-127 This same chitosan stock solution was used 

for each experiment described within this study to maintain consistency. Each biosensor-

film was formed through slow evaporation of a 1:1 mixture of the above chitosan solution 

and 10 mM biosensor solution (Figure 3.2) in 95% ethanol. Approximately 50 µL of the 

chitosan-biosensor mixture was placed onto the glassy carbon electrode surface and 

allowed to stand overnight.  

 Upon film formation, each biosensing complex was evaluated electrochemically 

using cyclic voltammetry under biological conditions (1X PBS, pH 7.4). Each chitosan 

immobilized complex (denoted 3.1CH – 3.9CH) produced an observable electrochemical 

signal. The reversibility of the Fe2+/3+ signal varied throughout the series (Figure 3.6A-C). 

Complexes embedded in chitosan films, 3.1CH, 3.3CH, 3.4CH, 3.7CH, and 3.9CH, produced 

the strongest current and most reversible signals while the complexes incorporating 

terminal amines (3.2CH and 3.4CH) yield electrochemical responses consistent with 

oxidation events with a very low current output. Importantly, these results show that using 

chitosan as an immobilization medium overcomes any solubility issues associated with 

the organometallic biosensing complexes and long aliphatic chains in aqueous media that 

prevented evaluation under biological conditions. Additionally, this result provides insight 

into the effects each functional group has within the chitosan polymer as well as the effect 

of the redox stability of the polymer on the sensors (vide infra).  
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Figure 3.6.  Cyclic voltammetry of the full library immobilized within a chitosan film at 500 mV/s 
in 1X PBS versus Ag/AgCl reference electrode: control sensors (A), sensors that terminate in S-
containing functionalities (B), and sensors that possess terminal amines (C). 
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Table 3.2. Electrochemical data obtained for 3.1CH, 3.3CH, 3.4CH, 3.7CH, and 3.9CH using a glassy 
carbon working electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode. 

500 mV/s 3.1CH 3.3CH 3.4CH 3.6CH 3.9CH 
Epa (mV) 561 638 587 676 644 
Epc (mV) 381 431 385 358 419 
∆E (mV) 180 207 202 318 225 
E1/2 (mV) 471 534.5 486 517 532 
Ipa/Ipc 1.5417 0.9970 0.2288 0.2800 0.6252 

 

 The electronic effects as a result of the Fc modifications that are prevalent in the 

position of the Fc potentials measured electrochemically in solution (Figure 3.2) are no 

longer visible once the sensor is immobilized within the chitosan film. This is likely a result 

of the inherent positive charge associated with chitosan. As previously noted, chitosan is 

a cationic polymer due to the protonated amines under the acidic conditions used for film 

formation.163, 165-166 A broadness in the oxidation and reduction events including  large ∆E 

values are observed (Table 3.2) for all chitosan immobilized complexes (3.1CH - 3.9CH) 

most likely an effect of the positively charged environment. Electrochemical changes as 

a result of environmental modifications near the surface of the electrode is a universal 

concern that pertains to immobilization of a sensor. For example, prior studies focused 

on the immobilization of Fc onto gold surfaces indicate that small changes in charge and 

concentration can disrupt homogeneity within the microenvironments on the electrode 

surface.125, 194 Similar behavior is observed with the Fc biosensors immobilized in the 

chitosan films described here as well. Thus, as opposed to true reversible electrochemical 

systems anticipated with homogeneous but independent immobilized systems124, 195-196, 

small changes in the microenvironment of the individual sensor molecules located on the 

electroactive surface result in overlapping redox signals. Therefore, broadened redox 

responses are observed for molecules within the chitosan films. 



 79 

 Additionally, based on the electrochemical studies of the biosensors within the 

chitosan, it can be concluded that sensors terminating in thiol groups (3.3CH, 3.4CH, 3.7CH, 

and 3.9CH) produce the most redox reversible signals compared to that of the amine-

terminating sensors as observed by cyclic voltammetry. This is hypothesized to be a 

result of the difference in charge associated with the termini; specifically, the δ- associated 

with the -SH as compared to the δ+ of the amines.  However, complex 3.6 is the only 

sulfur-terminating biosensor that exists as a di-sulfide 5-membered ring. The addition of 

the 5-membered ring of the lipoic acid of 3.6 has an adverse effect during film formation 

with minimal sensing material located within the electroactive area of the electrode 

surface. This could be a result of the overall three-dimensional volume of the lipoic acid 

or possibly charge, as the ring of lipoic acid can exist differently in oxidized or reduced 

forms. If the lipoic acid exists as a 5-membered ring, the functionality remains neutral 

within the cationic polymer. 

 

3.5. Morphological analysis of 3.1 – 3.9 and stability 

 The surface morphology of all compounds (3.1CH – 3.9CH) Solid-state structure of 

CuL8 with labels. was characterized by Nelli Bodiford (Coffer group) using FESEM-EDX 

(Figures A2.11 – A2.18) to make correlations between the surface morphology and the 

electrochemical observations. Bodiford showed that specific parallels can be drawn by 

comparing the morphologies of compounds 3.4CH (R = NHC(O)(CH2)5SH), 3.7CH (R = 

NHC(O)(CH2)7SH), and 3.9CH (R = NHC(O)(CH2)10SH), with the magnitude of the 

electrochemical signal observed, specifically current. For example, Figure 3.7 (A/D, B/E, 

C/F) shows chitosan in 1.0% by weight solution in dilute HCl (0.05 M), chitosan-ethanol, 

and 3.7CH-ethanol respectively. A chitosan-ethanol film showed a needle-like structure; 
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however, upon mixing with compounds 3.4, 3.7, and 3.9, very different film morphologies 

emerged. A relatively smooth film of 3.7CH was formed after ~12 hours of air-drying with 

minimal aggregation and cracks present on the surface, which indicates a good miscibility 

of 3.7 with chitosan. Higher magnification of the 3.7CH shows very minimal phase 

separation, with only a few voids visible at the higher magnification. EDX elemental 

analysis showed the uniform distribution of S and Fe within the film: 36% by mass for S 

and 21% by mass for Fe (Figure A2.19).  In comparison, 3.4CH and 3.9CH formed 

morphologically different films (Figure A2.14 and A2.18) with pseudo- spherical grains 

with an average size of 5.0 ± 1.4 μm. Qualitatively, the surface of the 3.4CH and 3.9CH 

films also appeared less smooth with obvious lumps of various protrusions as compared 

to 3.7CH. All this suggests that compounds 3.4CH, 3.7CH, and 3.9CH interact with chitosan 

and govern the morphology of the resulted dry films. Additionally, films 3.4CH and 3.9CH 

have a very similar electrochemical output in terms of the magnitude of the current 

produced as observed in the spectral overlay (Figure 3.7B) as compared to 3.4CH, which 

was significantly larger. These subtle changes in the morphology and miscibility coincide 

with the electrochemical changes observed.  
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Figure 3.7. FESEM images of (A and D) chitosan in 1.0% by weight solution in dilute HCl (0.05 
M); (B and E), chitosan/ethanol; (C and F), 3.7CH/ethanol. A-C, scale bar = 1 mm; D – F, scale bar 
= 10 µm. 

 

 The overall stability of the chitosan-sensor films was investigated as a means to 

understand the storage conditions as well as to analyze long-term reproducibility of the 

films. Chitosan-sensor films left open to air at room temperature on the glassy-carbon 

electrode for more than 3 months showed comparable redox responses and current 

output to films measured within 24h of fabrication. This result indicates that film formation 

is highly stable under ambient conditions and can be stored for future use (Figure 3.8).  
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3.6.  Chitosan immobilized sensors for protein quantification 

 To explore the ability of immobilized Fc complexes to be responsive biosensors in 

aqueous solutions, a glassy carbon electrode was modified with chitosan and 3.9 to 

investigate quantification of avidin. Biosensor 3.9 was chosen as it is the least soluble in 

aqueous media and characterization under biological conditions is essential. Upon 

electrochemical characterization (CV and SW) of 3.9 without avidin, it was observed that 

the current decreased by ~75% over a 6-minute window (Figure 3.9). No signal was 

observed when the electrode was removed from the electrochemical cell and polished 

thoroughly before being placed back into the solution for another set of scans. Therefore, 

the signal depletion observed was most likely due to leaching of the biosensor molecules 

from the chitosan film in solution. Although chitosan has the potential to overcome the 

solubility of the biosensors, the electrochemical signal is only temporary as the sensor 

diffuses either (A) out of the polymer into the cell or (B) away from the electroactive area 

during the timeframe of the experiment. As compound 3.9 is not soluble under biological 

Figure 3.8. Cyclic voltammetry of 3.3CH film that was open to ambient conditions for 3 months.  
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conditions, which could account for no signal being observed upon the reintroduction of 

the clean electrode, 3.3 was used to further investigate these findings. 

 

 

Figure 3.9. Cyclic voltammetry (A) and square wave voltammetry (B) over time of 3.9CH. Scans 
were completed every minute at 500 mV/s versus Ag/AgCl in 1X PBS. 

 

 Complex 3.3CH was placed on a glassy carbon electrode and cyclic voltammetry 

scans were completed at one-minute intervals. The redox signal was no longer observed 

after 5 minutes (Figure 3.10A). This finding is congruent with those observed for complex 

3.9CH. The electrode was polished and placed back into solution to attempt to measure 

any signal associated with the biosensor diffusing out of the polymer into the solution. No 

redox signal was observed upon placing the clean electrode back into solution. Once 

again, it can only be assumed that the sensor itself is diffusing either (A) out of the polymer 

or (B) away from the electroactive area. However, as this is a heterogeneous 

electrochemical reaction being measured, only sensor molecules located near the 

electrode surface are electrochemically measured. Theoretically, sensor molecules could 

be located in solution but at a distance the precludes electrochemical detection. UV-
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visible spectroscopy provides a method to investigate the diffusion of the biosensor out 

of the polymer by utilizing the p-p* transitions consistent with the biotin moiety observed 

for the sensors. This methodology will be presented and analyzed further in the 

discussion.  

 Although current depletion was observed electrochemically for 3.3, avidin sensing 

was still investigated but focusing solely on the first two CV scans of each film. A new film 

was made before each scan for analysis of the biosensor at different protein 

concentrations. Experimental details are discussed in the supplemental information. In 

this series of experiments, the protein concentration was slowly increased until theoretical 

saturation would be reached (4:1 molar equivalents, biotin:avidin), or the signal would no 

longer be observed by CV and SW techniques. However, a steady decrease was not 

observed with the increase in protein concentration (Figure 3.10B-C). A decrease 

between 4.00 molar equivalents of 3.3 and sensor in a solution containing 1.00 molar 

equivalent avidin was observed. Yet, a signal remains upon “saturation” of avidin with 

biotin. The small changes in the CV and SW scans between the different protein 

concentrations are most likely a result of the subtle differences within the films themselves 

upon formation and not the addition of the protein. Additionally, the time allowed for the 

chitosan films to incubate in the solution was strictly monitored taking a scan within the 

first 10 seconds of placing the electrode into solution as a method to minimize any 

significant diffusion of the sensor out of the polymer before protein could interact.  

Consequently, this may not have been adequate time for the protein to diffuse through 

the polymer to interact with the sensor. Overall, diffusion of the sensor seems to be the 

largest concern for utilizing the chitosan polymer as an immobilization method for this 

sensor design. 
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Figure 3.10. (A) Cyclic voltammetry of 3.3CH over time. Scans were completed at 100 mV/s from 
0 to 1000 mV. (B) Overlay of cyclic voltammograms of 3.3CH with slow increase in avidin 
concentration. Scans were completed at 500 mV/s from 0 to 1000 mV. (C) Overlay of SW scans 
of 3.3CH with the slow increase of avidin. Scans were completed at 25 mV/s from 0 to 1000 mV.  
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3.7. Biosensor release study using UV-Visible spectroscopy (3.3CH) 

 As 3.3 is soluble in biological conditions, it was used to investigate the diffusion of 

the sensor either (A) out of the polymer into the solution or (B) away from the electroactive 

area. If (A) is true, then a signal should be observed as each sensor has an observable 

π-π* transition (265 nm) in solution. A calibration curve was completed using standard 

solutions of 1.5 mM 3.3 in methanol and phosphate-buffered saline (1X PBS) between 30 

and 9 µg/mL with good linearity (R2 = 0.99) (Figure A2.1). Next, chitosan-sensor films 

were fabricated using the bottom of 3 mL cuvettes as a substrate by placing 50 µL of the 

chitosan-sensor solution (5.0 mM final concentration) to dry overnight. A solution of 1X 

PBS was then added to each cuvette and the absorbance (265 nm) was measured at 5-

second intervals for 1200 seconds. Within the 20-minute range of the studies, less than 

15 µM (0.33%) of the sensor is released into the solution (Figure 3.11). This supports that 

the sensor could be moving away from the electroactive area within the chitosan polymer.  

Additionally, the signal decomposition that is observed electrochemically could also be a 

result of ions or electrolytes not being able to reach the surface of the electrode due to 

the presence of the chitosan. Nevertheless, it can be concluded that simple physical 

encapsulation alone of redox active Fc containing systems within chitosan films is 

insufficient as an immobilization strategy. 
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3.8.  Cytotoxic evaluation of 3.1 and 3.2 177 

 To date, cytotoxicity studies have been completed by Eric Reid (Akkaraju group) 

to evaluate specificity and selectivity of specific biotin-Fc conjugates against known 

cancerous cell lines with increased biotin receptors (HeLa and MCF-7) and non-

cancerous cell lines (293 HEK).175, 177  As Fc is a known cytotoxic agent and involved in 

Fenton chemistry, 3.1 and 3.2 were used as control compounds with biotin as the only 

addition to evaluate selectivity. As compared to Fc alone, 3.1 and 3.2 (Table 3.3) showed 

increased toxicity in cancerous cell lines. This supports the hypothesis that biotin can be 

used as a biological vector in targeting specific cell lines. 3.2 showed increased toxicity 

in both cancerous and non-cancerous cells lines as compared to 3.1. This increased 

toxicity could be a result of increased ROS generation by 3.2. For example, 3.2 was 

observed to have a halfwave potential of 222 mV while 3.1 had a halfway potential of 619 

mV (Table 3.1). As such, 3.2 is more easily oxidized from an Fe2+ to Fe3+ as compared to 

3.1, thus, able to achieve the appropriate oxidation state for ROS generation. 

Figure 3.11. Biosensor release of 3.3 loaded as 5.0 mM film in 1X PBS. 
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Table 3.3. EC50 values (mM) of Fc, 3.1, and 3.2 (N.D. indicates not determined). 

Cell Line Fc 3.1 3.2 
293HEK 12.09 0.83 0.37 
HeLa 1.91 0.61 N.D. 
MCF-7 1.30 N.D. 0.25 

 

3.9.  Conclusions 

 A new series of biotin-Fc biosensors was synthesized for the purpose of 

immobilization. Chitosan, a biocompatible polymer, offers an avenue for immobilization 

of the entire library of compounds onto electrode surfaces through entrapment by thin 

films. The sensor-chitosan films were highly stable under ambient conditions and 

provided a method to overcome any issues associated with biosensor solubility. The 

entire library of compounds was electrochemically investigated as sensors for the 

detection of avidin. In solution, an “on-off” sensing mechanism was observed. Sensors 

with terminal -SH (3.1, 3.3, and 5) provided improved signal compared to those with -NH2 

termini (2 and 4).  As a sensing method, immobilization within the chitosan film seemed 

to impede the interaction between the substrate and receptor. Despite the unsuccessful 

nature of long-term sensing, the overall electrochemical signals observed were relatively 

reproducible between films with small deviations observed most likely due to subtle 

changes in film morphology. This was observed by FESEM with 3.4CH and 3.9CH having 

similar film morphologies as well as comparable electrochemical signals. Despite 

chitosan improving the ability to electrochemically interrogate organometallic molecules 

under aqueous conditions and providing an avenue for immobilization, inherent charge 

associated within the polymer film interfered with the theoretical reversibility of the sensor.  

In addition, signal decomposition was experimentally observed electrochemically, most 

likely a result of the redox active species moving away from the electroactive area within 
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the polymer film with less than 1% of the sensor being released as observed by UV-

Visible spectroscopy. Overall, chitosan shows incompatibility as an immobilization 

medium with Fc species. However, chitosan has the potential to be used for 

immobilization but through covalent attachment.  

 Cytotoxicity was evaluated for 3.1 and 3.2 as compared to Fc to investigate the 

selectivity and specificity of the sensors to specific cell lines. As cancerous cell lines are 

known to have increased biotin uptake, it was hypothesized that through covalent 

attachment of biotin to the cytotoxic Fc, a decrease in cell survival should be observed. It 

was observed that 3.1 and 3.2 were more cytotoxic as compared to Fc although 3.2 was 

shown to be the most cytotoxic compound. The increase in cytotoxicity for 3.2 is assumed 

to be related to the E1/2 potential observed for this compound as it is most easily oxidized 

from Fe2+ to Fe3+ necessary for ROS generation. 

 

3.10. Experimental (methods and materials) 

Methods and Materials. Standard Fmoc Merrifield techniques were employed for all 

peptide synthesis.181 Reactions were completed using a plastic-fritted syringe (10 mL) as 

the reaction vessel and an automated shaker for mixing. Upon completion of synthesis, 

all biosensor products, which were isolated as solids, were stored at 0oC. Reagents used 

for synthesis were purchased from many commercials sources and used as received, 

unless otherwise noted. The resin used was Universal Novatag resin purchased from 

EMD Millipore (0.44 mmol/g loading). The Fc derivative 1’-Fmoc-amino-ferrocene 

carboxylic acid was purchased from Omm Scientific (Dallas, TX) while the ferrocene 

carboxylic acid was purchased from Sigma Aldrich.  
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Physical Methods. All 1H NMR spectra were completed using a Bruker Avance III (400 

MHz) High Performance Digital NMR spectrometer in d-DMSO. Cyclic voltammetry was 

performed using a BASi EC Epsilon potentiostat using a typical three electrode set-up. 

The system was composed of a 3.0 mm glassy carbon electrode (unmodified and 

modified), a platinum auxiliary electrode, and Ag/AgCl reference electrode and all 

experiments were completed in 1X PBS at room temperature. UV-Visible spectroscopy 

was completed using a DU 800 spectrophotometer (Beckman Coulter) in a 1 cm path 

length cuvette at room temperature. FESEM images were taking using JEOL JSM-

7100F (acceleration voltage 5-10 kV, working distance 6 mm). All samples were coated 

with 5 nm of Au/Pd before imaging using Anatech Hummer VII Sputtering System. Energy 

dispersive analysis of X-rays (EDAX) on the obtained chitosan immobilized biotin-Fc 

films was performed at 15 keV electron energy using the field emission scanning electron 

microscopy (FESEM). EDAX spectrum (Figure S19) shows the presence of Fe and S 

peaks congruent with the presence of the sensor compounds immobilized within the 

films.   

 All electrochemistry was completed using a three-electrode setup with a glassy 

carbon electrode, a platinum auxiliary electrode, and a silver wire quasi electrode 

(organic) or Ag/AgCl reference electrode (aqueous). Additionally, the solvent-electrolyte 

system was dimethylformamide (DMF, 10 mL) with tetrabutylammonium tetrafluoroborate 

([Bu4N][BF4], 0.1 M) and decamethyferrocene (Cp*) as the internal standard for non-

immobilized and non-biological studies. To imitate biological conditions for quantification 

of avidin with a non-immobilized system, the solvent system was 1X PBS, pH 7.0 (9.8 

mL) with DMSO (0.2 mL) to ensure solubility of the biosensing compound. All chitosan-



 91 

biosensor experiments containing a film-modified electrode were performed in 1X PBS, 

pH 7.0 (10 mL).     

 

3.10.1. Synthesis of biotin-Fc library (3.4 – 3.9) 

 

Synthesis of Library. The synthesis of compounds 3.1 - 3.3 is previously published.1  

 

Scheme 3.1. Synthesis of 3.1 – 3.9 

 

Synthesis of 3.4 (1-(carboxy-ethylenediamine-biotin)-1’-(mercaptohexanoic amide)- 

ferrocene). A small sample of Universal Novatag resin (0.44 mmol/g loading, 200 mg, 

0.088 mmol) was placed inside a fritted syringe (10 mL). Dimethylformamide (DMF, 5 mL 

30 min (2x)
2% TFA, TIS, CH2Cl2

DMF:CH2Cl2 (1:4), 6h
HOBt, DIPEA, DIC

X

HO

O Fe

DMF:CH2Cl2 (1:4), 6h
HOBt, DIPEA, DIC

4h
95% TFA, TIS, EDT, H2O

Resin: Universal novatag

N
H
N Fmoc

Mmt

30 min (2x)
20% Piperidine/DMF

DMF:CH2Cl2 (1:4), 6h
HOBt, DIPEA, DIC

S
NH

HN O
H

H
HO

O
N

H
NMmt

30 min (2x)
20% Piperidine/DMF

O
S

NHHN

O

HH

N
H
N

O
S

NHHN

O

HHOFe

H
N

Fmoc

30 min (2x)
20% Piperidine/DMF

R OH

O

N
H
N

O
S

NHHN

O

HHOFe

H
NR

O

3.1: X = H (next step peptide cleavage with TFA)
3.2, 3.3, 3.4-3.9: X = NH-Fmoc

3.3: CH(CH2SH)NH(OtBu)
3.4: (CH2)5SH
3.5: (CH2)5NH(Boc)
3.6: Lipoic acid
3.7: (CH2)7SH
3.8: (CH2)10NH(Boc)
3.9: (CH2)10SH

3.2:  synthesis moves on 
        to peptide cleavage

N
H

H
N

O
S

NHHN

O

HHOFe
H2N

N
H

H
N

O
S

NHHN

O

HHOFe

N
H

H
N

O
S

NHHN

O

HHOFe

H
NR

O

3.3: CH(CH2SH)NH2
3.4: (CH2)5SH
3.5: (CH2)5NH2
3.6: Lipoic acid
3.7: (CH2)7SH
3.8: (CH2)10NH2
3.9: (CH2)10SH

4.1

4.2



 92 

x 3 x 10 min) was used to swell the resin. Next, the Fmoc-protected ethylene diamine 

linker of the resin was deprotected using 20% piperidine/DMF solution (5 mL x 3 x 20 

min). The deprotection solution was properly disposed of and the resin was thoroughly 

washed using dimethylformamide (DMF), methanol (MeOH), and dichloromethane 

(DCM) (3 DMF x 1 MeOH x 1 DMF x 3 MeOH x 1 DCM x 1 MeOH x 3 DCM). The first 

coupling reaction was the formation of a peptide bond between biotin and the ethylene 

diamine linker of the resin.  The coupling cocktail was composed of biotin (64 mg, 0.264 

mmol), 1-hydroxybenzotriazole (35 mg, 0.264 mmol), diisopropyl carbodiimide (0.041 mL, 

0.264 mmol), diisopropylethylamine (0.046 mL, 0.264 mmol), and a 4:1 mixture of DCM 

to DMF. This cocktail was added to the syringe and the reaction was allowed to mix to 

completion (approximately 6h). The coupling solution was then properly disposed of and 

the resin was treated with the washing sequence once more. Deprotection of the Mmt 

protecting group was achieved with a 2% solution of TFA with 4% triisopropylsilane in 

DCM (7 mL x 2 x 30 min). Between each deprotection step, the solution was disposed of 

and the resin was washed in reverse with first DCM (x2), MeOH (x2), and DMF (x2) before 

proceeding with the usual washing sequence. The second coupling cocktail was prepared 

using 1’-Fmoc-amino-ferrocene carboxylic acid (123 mg, 0.264 mmol), 1-

hydroxybenzotriazole (35 mg, 0.264 mmol), diisopropyl carbodiimide (0.041 mL, 0.264 

mmol), diisopropylethylamine (0.046 mL, 0.264 mmol), and a 4:1 mixture of DCM to DMF. 

This coupling cocktail was added to the resin and allowed to mix for 6 hours. Upon 

completion, the cocktail was properly disposed of and the resin was once again washed 

thoroughly. The final coupling cocktail was prepared using 6-mercaptohexanoic acid 

(0.037 mL, 0.264 mmol), 1-hydroxybenzotriazole (35 mg, 0.264 mmol), diisopropyl 

carbodiimide (0.041 mL, 0.264 mmol), diisopropylethylamine (0.046 mL, 0.264 mmol), 
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and a 4:1 mixture of DCM to DMF. This coupling cocktail was added to the resin and 

mixed for 6 hours. Upon completion, the resin was washed before being placed in a 

refrigerator (4oC) overnight.  After 24 hours, a cleavage cocktail was prepared using a 

TFA (9.45 mL), deionized H2O (0.25 mL), 1,2-ethanedithiol (0.25 mL), and 

triisopropylsilane (0.1 mL). This cleavage cocktail was reacted with the resin beads for 4 

hours. The solution was collected in an Eppendorf tube and the TFA was allowed to 

evaporate slowly using a stream of air. Once approximately 1 mL of solution remained, 

the product was obtained through precipitation using cold diethyl ether and isolated by 

centrifugation as a yellow pellet. This ether wash was repeated 2-3 times to ensure a 

clean product. The pellet was then freeze-dried on a lyophilizer, crushed evenly, and 

stored at 0oC.  

 

Yield (based on resin loading): 27.9 mg (40%). Elemental Analysis for [C29H41FeN5O4S2]• 

TFA• 2H2O Found (calc.): C, 47.48 (46.91); H, 5.37 (5.84), N, 8.94 (8.82). 

 

Synthesis of 3.5 (1- (carboxy-ethylenediamine-biotin)- 1’- (6-aminohexanoic amide)- 

ferrocene): The synthetic protocol outlined for 3.4 as well as chemical equivalents were 

followed accordingly until the final coupling step. The final coupling step was prepared 

using Boc-6-Ahx-OH (61 mg, 0.264 mmol), 1-hydroxybenzotriazole (35 mg, 0.264 mmol), 

diisopropyl carbodiimide (0.041 mL, 0.264 mmol), diisopropylethylamine (0.046 mL, 

0.264 mmol), and a 4:1 mixture of DCM to DMF. Compound 3.5 was isolated by 

centrifugation and a dark brown pellet remained and stored at 0oC.  
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Yield (based on resin loading): 50.1 mg (66%). Elemental Analysis for [C29H42FeN6O4S]• 

2TFA• H2O Found (calc.): C, 46.38 (46.16); H, 5.19 (5.78), N 9.38 (9.69).  

 

Synthesis of 3.6 (1-(carboxy-ethylenediamine-biotin)-1’-(thiotic amide)-ferrocene): The 

synthetic protocol outlined for 3.4 as well as chemical equivalents were followed 

accordingly until the final coupling step. The final coupling step was prepared using a-

lipoic acid (54 mg, 0.264 mmol), 1-hydroxybenzotriazole (35 mg, 0.264 mmol), diisopropyl 

carbodiimide (0.041 mL, 0.264 mmol), diisopropylethylamine (0.046 mL, 0.264 mmol), 

and a 4:1 mixture of DCM to DMF. Compound 3.6 was isolated by centrifugation and a 

dark brown pellet remained and stored at 0oC. 

 

Yield (based on resin loading): 27.5 mg (40%). Elemental Analysis for 

3[C31H43FeN5O4S3]• 2TFA• H2O Found (calc.): C, 49.55 (49.42); H, 5.70 (5.91), N 8.94 

(9.12).  

 

Synthesis of 3.7 (1-(carboxy-ethylenediamine-biotin)-1’-(8-mercaptooctanoic amide)-

ferrocene): The synthetic protocol outlined for 3.4 as well as chemical equivalents were 

followed accordingly until the final coupling step. The final coupling step was prepared 

using 8-mercaptooctanoic acid (0.045 mL, 0.264 mmol), 1-hydroxybenzotriazole (35 mg, 

0.264 mmol), diisopropyl carbodiimide (0.041 mL, 0.264 mmol), diisopropylethylamine 

(0.046 mL, 0.264 mmol), and a 4:1 mixture of DCM to DMF. Compound 3.7 was isolated 

by centrifugation and stored at 0oC. 
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Yield (based on resin loading): 17.4 mg 20%. Elemental Analysis for [C31H45FeN5O4S2]• 

2TFA• 2H2O Found (calc.): C, 44.69 (44.92); H, 5.47 (5.49), N 8.04 (7.48).  

 

Synthesis of 3.8 (1-(carboxy-ethylenediamine-biotin)-1’-(8-aminoooctanoic amide)-

ferrocene): The synthetic protocol outlined for 3.4 as well as chemical equivalents were 

followed accordingly until the final coupling step. The final coupling step was prepared 

using 8-aminooctanoic acid (42 mg, 0.264 mmol), 1-hydroxybenzotriazole (35 mg, 0.264 

mmol), diisopropyl carbodiimide (0.041 mL, 0.264 mmol), diisopropylethylamine (0.046 

mL, 0.264 mmol), and a 4:1 mixture of DCM to DMF. Compound 3.8 was isolated by 

centrifugation and stored at 0oC. 

 

Yield (based on resin loading): 59.5 mg (67%). Elemental Analysis for [C31H46FeN6O4S]• 

2TFA• 3H2O•Et2O Found (calc.): C, 45.98 (46.34); H, 6.49 (6.38); N 8.92 (8.73).  

 

Synthesis of 3.9 (1-(carboxy-ethylenediamine-biotin)-1’-(11-mercaptoundecanoic 

amide)-ferrocene): The synthetic protocol outlined for 3.4 as well as chemical equivalents 

were followed accordingly until the final coupling step. The final coupling step was 

prepared using 11-mercaptoundecanoic acid (57 mg, 0.264 mmol), 1-

hydroxybenzotriazole (35 mg, 0.264 mmol), diisopropyl carbodiimide (0.041 mL, 0.264 

mmol), diisopropylethylamine (0.046 mL, 0.264 mmol), and a 4:1 mixture of DCM to DMF. 

Compound 3.9 was isolated by centrifugation and stored at 0oC. 

 

Yield (based on resin loading): 29 mg (30%). Elemental Analysis for 3[C34H51FeN5O4S2]• 

2TFA• 2H2O Found (calc.): C, 53.33 (53.25); H, 6.63 (6.94), N 8.80 (8.73).  
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3.10.2. Chitosan-sensor film formation 

A 1.0% by weight solution of chitosan was made by dissolving medium weight chitosan 

in 0.05M HCl (10.8 mg in 50 mL). Film formation was achieved by slow evaporation. 

Biosensor-chitosan films (5 mM biosensing compound) were achieved by a 1:1 mixture 

of the biosensor and chitosan and slow evaporation overnight.   

 

3.10.3. Cyclic voltammetry of 3.1 – 3.9 

Solution studies: 10 mL of DMF with 0.1 M tetrabutylammonium tetrafluoroborate was 

placed into a small electrochemical cell (temperature at 25 oC) and purged under N2 for 

at least 30 minutes. A three-electrode set-up was used with a glassy carbon working 

electrode, platinum auxiliary electrode, and Ag wire quasi reference electrode. A 

background scan was completed from 0 to 800 mV at 100 mV/s with a current window of 

100 µA. Upon confirmation of a clean background (a larger window can be used to show 

no O2 signal in negative potentials), the analyte (3.1 – 3.9) was added to the cell in in 1 

mM concentrations. Scans were completed at 500 mV/s – 100 mV/s from 0 to 800 mV 

polishing the electrode in between. Multi-sweep experiments (10 sweeps) were also 

completed from 0 to 800 mV at 500 mV/s and 100 mV/s to evaluate changes to the current 

output over time. Data obtained was collected from the instrument unless otherwise 

noted. 

 

Cyclic voltammetry with avidin (solution): 1 mL of 1X PBS was placed in an 

electrochemical cell and purged under N2 for at least 30 minutes. A three-electrode set-

up was used consisting of a glassy carbon working electrode, platinum auxiliary electrode, 

and Ag/AgCl reference electrode. A background scan was completed from 0 to 800 mV 
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at 100 mV/s with a current window of 100 µA (repeated with a current window of 10 µA). 

Upon observation of a clean background, four molar equivalents of 3.3 was added to the 

cell and a scan completed from 0 to 800 mV at 500 mV/s and current window of 100 µA. 

0.25 molar equivalents of avidin was added to the cell and a scan repeated at 500 mV/s. 

Then, an additional 0.25 molar equivalents of avidin were added to the cell and a scan 

completed at 500 mV/s. This was repeated two more times until 1 molar equivalent of 

avidin was in the cell. Note that avidin has four coordination sites for biotin, thus a 4:1 

ratio of biotin to avidin or 3.3 to avidin.   

 

Cyclic voltammetry of 3.1CH – 3.9CH (immobilized): 10 mL of 1X PBS was placed into a 

small electrochemical cell (temperature at 25 oC) and purged under N2 for at least 30 

minutes. A three-electrode set-up was used with a glassy carbon working electrode, 

platinum auxiliary electrode, and Ag wire quasi reference electrode. A background scan 

was completed from 0 to 800 mV at 100 mV/s with a current window of 100 µA. Upon 

confirmation of a clean background (a larger window can be used to show no O2 signal 

in negative potentials), the modified electrode with chitosan immobilized sensor was 

added to the cell. Scans were completed at 500 mV/s – 100 mV/s from 0 to 800 mV 

polishing the electrode in between. Multi-sweep experiments (10 sweeps) were also 

completed from 0 to 800 mV at 500 mV/s and 100 mV/s to evaluate changes to the current 

output over time. Data obtained was collected from the instrument unless otherwise 

noted. 

 

Cyclic voltammetry with avidin (immobilized): 1 mL of 1X PBS was placed in an 

electrochemical cell and purged under N2 for at least 30 minutes. A three-electrode set-
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up was used consisting of a glassy carbon working electrode, platinum auxiliary electrode, 

and Ag/AgCl reference electrode. A background scan was completed from 0 to 800 mV 

at 100 mV/s with a current window of 100 µA (repeated with a current window of 10 µA). 

Upon observation of a clean background, the modified glassy carbon electrode with 

sensor was added to the cell and a scan completed from 0 to 800 mV at 500 mV/s and 

current window of 100 µA. 0.25 molar equivalents of avidin was added to the cell and a 

scan repeated at 500 mV/s. Then, an additional 0.25 molar equivalents of avidin were 

added to the cell and a scan completed at 500 mV/s. This was repeated two more times 

until 1 molar equivalent of avidin was in the cell.   

 

3.10.4. UV-Visible Spectroscopy, characterization 

The 3.3 was characterized by UV-Visible spectroscopy focusing on the π-π* transitions 

as well as the d-d transitions (full scan from 200-800 nm). The compounds were dissolved 

in methanol and a serial dilution was completed to collect the appropriate data for Beer’s-

Law plots.  

 

Biosensor release studies, standard curve. A cuvette of 1X PBS (2.5 mL) was first 

measured before the addition of the biosensor compound (3.3, 1 mM) which was 

dissolved in methanol. A serial dilution was completed to collect the appropriate data 

points necessary for a Beer’s Law plot (full scan 200 – 500 nm). The maxima observed 

for the π-π* transition of the 3.3 (265 nm) was used for kinetic studies to monitor biosensor 

diffusion out of the chitosan film.  
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Biosensor release studies, kinetics. A biosensor-chitosan film (3.3) was formed at the 

bottom of the 1 cm path length cuvette by placing 50 µL of the biosensor-chitosan solution 

(5 mM biosensing compound) at the bottom of the quartz cuvette and allowing it to dry 

overnight. Kinetic studies were completed at a wavelength of 265 nm completing a scan 

in 5-second intervals for 1200 seconds. The data was analyzed using the information 

obtained from the standard curve. 
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CHAPTER 4: Enzyme-responsive biosensors for the detection of cancer biomarkers  

 

4.1. Introduction 

 It is estimated that the cost of cancer care will approach  $147.3 billion with more 

than 1.7 million cases diagnosed in the United States for the year 2018.197-198 James 

Ewing was a prominent pathologist in the early 20th century and was one of the first to 

recognize and define cancer.199  

 

 A neoplasm is a heritably altered, relatively autonomous growth of tissue. – J. Ewing200 

 

 A neoplasm is the scientific term that refers simply to a new or abnormal growth.200 

However, J. Ewing defined a malignant neoplasm by four important distinctions: (1) 

heritable, (2) ‘relatively’ autonomous, (3) growth, and (4) tissue.200 The foundation for 

these distinctions lies in the understanding that benign and/or malignant neoplasms occur 

solely within multicellular organisms. Neoplasms are the “curse of evolution”.200 Cells 

constantly undergo growth, reproduction, and death using intricate checkpoints and other 

cellular regulations in order to maintain homeostasis or “steady state”.  As a result of the 

inherent complexity of multicellular systems, modification or mutations can occur. This 

gives rise to the three remaining distinctions. Heritable is the distinction that modifications 

and/ or mutations are observed in cellular progeny as a result of cellular reproduction. 

The culmination of modifications and/ or mutations within the cell cycle leads to a 

‘relatively’ autonomous system. This deviation implies that cells are not completely 

governed by normal cellular regulation. As an extension of ‘misregulation’ observed in 

cells, the final distinction of growth implies the increased rate of cell division commonly 
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observed in cancer. Together, these four distinctions classify the historical definition of 

cancer.200 

 Although a growth may be abnormal, it can be benign or malignant. For a growth 

to be defined as malignant, five characteristics are observed: (1) cell proliferation, (2) 

blocked programmed cell death, (3) loss of differentiation, (4) angiogenesis, and (5) 

metastasis.200 Malignant cells are capable of increased proliferation, not dictated by 

certain cellular regulatory mechanisms like apoptosis. As a result, the lifetime of the 

modified and/or mutated cell is extended.200 This is observed with the continued growth 

of HeLa cells (cervical cancer), the “immortal cell” named after the patient, Henrietta 

Lacks who died in 1951.201 The increased lifetime is also related to the cells resistance to 

cell death by ignoring cellular checkpoints that may induce apoptosis. Increase in cellular 

proliferation also results in a loss of differentiation. The increase in cell proliferation in 

general results in an increase in metabolic by-products, which can be detrimental within 

the new cellular environment. However, angiogenesis provides a route to increase cellular 

nutrients to the abnormal growth by the formation of blood vessels to the tumor site. 

Finally, malignant tumors have the potential to metathesize as the modified and/or 

mutated cells can separate from the primary growth site, enter into the blood stream, and 

begin proliferation at a secondary site. Overall, the ability of malignant cancer cells to 

modify and metastasize emphasizes the importance of early diagnosis and identification 

as it can be life threatening. 

 

4.1.1. Biomarkers in cancer 

 A biomarker is defined as a measured characteristic that describes a normal or 

abnormal biological state in an organism by analyzing biomolecules such as DNA, RNA, 
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protein, peptide, and biomolecular chemical modifications.202 Identification of biomarkers 

in disease is key in medical diagnostics. Upon identification of a particular biomarker 

within a disease state, an assay must be developed and validated before clinical 

implementation.202 Biomarkers can be classified by type: predictive, prognostic, or 

diagnostic.202 Specifically, the HER2 protein, human epidermal growth factor receptor 2, 

is used as a predictive biomarker for breast cancer.203 Likewise, KRAS, NDRG4, and 

BMP3 are diagnostic biomarkers for colorectal cancer.202 A variety of assays exist for 

biomarker detection. Many rely on immunohistochemistry204, ELISA, or PCR.202 Although 

these are clinically implemented techniques, many assays associated with known cancer 

biomarkers, including HER2 and KRAS, result in false positives and false negatives.202, 

205-206 As a result, many scientists continue to focus on the development of clinical assays 

for medical diagnostic tools with an emphasis on quantitative outputs and increased 

overall accuracy.207  

 

4.1.2. Apoptosis cascade, caspase enzymes, and biomarkers 

 Apoptosis is essential in normal regulatory cellular functions in a variety of 

biological systems and characterized by morphological and biochemical changes.208 

Apoptosis is the major form of cellular death and can be activated either through an 

extrinsic (death-receptor) or intrinsic (mitochondria-directed) pathway.208-209 Specifically, 

activation of apoptosis results in cellular changes including fragmentation of nuclear 

chromatin, compaction of cytoplasmic organelles, decrease in overall cellular volume, and 

phagocytosis of the apoptotic cells.208  The apoptosis cascade is dependent on the 

activation of initiator caspases (such as caspase-8) followed by the release of 

“apoptogens” resulting in the activation of effector caspases (such as caspase-3).209   
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 Caspase-3 is one of the key executioners in the apoptosis cascade.208 Specifically, 

caspase-3 is responsible for the proteolytic cleavage of many key enzymes including 

poly(ADP-ribose) polymerase (PARP).208 The site of cleavage for PARP is D-E-V-D-G 

(Aspartic Acid – Glutamic Acid – Valine – Aspartic Acid – Glycine) where the cleavage 

occurs between the aspartic acid and glycine residues. The D-E-V-D amino acid 

sequence is a known substrate for caspase-3. This relationship between D-E-V-D and 

caspase-3 is essential for biosensor design and development.  

 Caspases are involved with (1) cleavage of structural elements or proteins, (2) 

inactivation of apoptosis inhibitors, and (3) proteolytic inactivation of key homeostatic and 

repair processes.210-211 Although apoptosis is necessary to maintain tissue homeostasis, 

cancer cells have the capability to block apoptosis through cellular mutations.200, 212 

However, in myeloid leukemia, apoptosis is increased as a result of overexpression of the 

p53 protein.213 As such, biomolecules in apoptosis, such as a caspase enzyme, could be 

used as biomarkers in diagnostic assays.  

 To date, a variety of biomarkers for apoptosis have been the focus of analysis. 

Biomarkers include caspase enzymes, cytochrome c, cytokeratins, and nucleosomal 

DNA.209 Focusing on caspase-3, the enzyme can be isolated in concentrations easily 

detectable in cell lysates (ng concentration in 106 cells)214 and is relatively pH and 

temperature stable.210, 212, 215 These characteristics make caspase-3 ideal for the 

benchtop in development of biomarker assays. 

  

4.1.3. Caspase-3 quantification using electrochemistry 

 Electrochemical quantification of biomolecules has been an important progression 

in modern diagnostic tools. Electrochemical sensors compared to other transducer types 
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(optical or thermometric) have increased sensitivity, reproducibility, and low cost.216 The 

use of electrochemical sensors such as glucometers in blood glucose monitoring has 

been a valuable tool in diabetes management.216 Within a glucometer, glucose levels are 

evaluated by monitoring detection of H2O2, where one glucose molecule results in one 

molecule of hydrogen peroxide (H2O2), which results in two electrons (e).216 Specifically, 

glucose oxidase (GOx) with the co-factor flavin adenine dinucleotide (FAD) is immobilized 

on an electrode surface.216 As b-D-glucose is introduced to the modified surface within a 

blood sample, GOx oxidizes the glucose molecule to produce gluconic acid and H2O2.216 

Further oxidation of H2O2 due to oxygen present in air results in two electrons that are 

detected by the sensor in milligrams per deciliter.216 These reactions are outlined in 

equations [4.1] – [4.3].216   

 

Glucose + GOx − FADD 	→ Glucolactone + GOx −	FADH/                  [4.1] 

GOx − FADH/ +	O/	 → GOx − FAD + H/O/                            [4.2] 

H/O/ 	→ 	2HD +	O/ + 281                                          [4.3] 

  

 Electrochemical techniques using technology similar to glucometer’s have 

continued to be the focus of development detection of other macromolecules, including 

caspase-3 quantification.217-218 Xiao and co-workers developed a ferrocene-based 

electrochemical biosensor for caspase-3 detection.217 An “on-off” sensor was developed 

by immobilizing a cysteine terminated Asp-Glu-Val-Asp or D-E-V-D substrate to a gold 

electrode surface.217 On the C-terminus of the D-E-V-D sequence, a ferrocene (Fc) 

molecule was covalently attached as the electroactive center necessary for signal 

detection.217 Upon addition of caspase-3 to the biosensor, the signal is “turned off” by 
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cleavage of the Fc-D-E-V-D moiety  resulting in the electroactive group diffusing away 

from the electrode surface (Scheme 4.1).217 Although this study showed the promise in 

development of a caspase-3 electrochemical sensor, experimental conditions (1 M 

HClO4, time > 0.5h) were not conducive for clinical applications and the “on-off” nature of 

the sensor has the potential to lead to false negatives and positives. 

 

 

Scheme 4.1. Overview of Xiao's and co-workers design for caspase-3 sensor.217 

 

  Zhang and co-workers also investigated caspase-3 sensing using electrochemical 

techniques.218 However, Zhang’s work focused on the utilization of quantum dots for 

signal amplification using anodic stripping voltammetry (ASV).218 Specifically, a 

biotinylated peptide was designed with a biotin moiety on the N-terminus of the D-E-V-D 

substrate with a terminal cysteine residue on the C-terminus of the substrate.218 Upon 

introduction of caspase-3, the biotinylated substrate diffuses away from the gold 

surface.218 The gold surface is then incubated with modified carbon nanotubes (CNTs) 

fabricated with CdTe quantum dots and streptavidin (CNTs-QDs-SA) (Scheme 4.2).218 

Quantification of D-E-V-D substrate remaining on the surface is evaluated by streptavidin-

biotin interaction.218 The CNTs-QDs-SA now attached to the surface were removed by 

dissolving the nanotubes in nitric acid (HNO3, 0.1 M).218 The electrochemical signal was 

obtained using ASV focusing on the well-defined oxidation for Cd.218 Although the use of 

CNTs-QDs provides a route for signal amplification using ASV, reagents used including 
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HNO3 are harsh especially for the clinic. In addition, this particular sensor system still 

relies on an “on-off” type mechanism where the signal intensity decreases as a result of 

caspase-3 cleavage. 

 

 

Scheme 4.2. Sensor overview developed by Zhang and co-workers using CNTs-QDs-SA.218 This 
scheme shows how the CNTs-QD-SA are introduced before dissolution in HNO3. 

 

 Building upon the methodology established by Zhang and co-workers, 218 

Khalilzadeh and researchers developed an electrochemical biosensor for caspase-3 

detection using horseradish peroxidase (HRP), streptavidin coated magnetic beads 

(MBs), and a D-E-V-D substrate.219 To a clean gold surface, biotinylated D-E-V-D 

modified peptide was immobilized onto the gold electrode surface co-incubated with 6-

mercaptohexanol.219 Then, streptavidin coated magnetic beads were incubated with the 

modified electrode surface followed by incubated with biotinylated HRP (Scheme 4.3).219 

The electrochemical signal is achieved after adding hydroquinone (HQ) and H2O2 and is 

observed using cyclic voltammetry and square wave voltammetry.219 The electron 

transfer is mechanism is summarized by [4.4] – [4.6].219 

 

,'é(F8èD) +	,/R/ 	→ ,'é(F8/D) + ,/R                         [4.4] 

,'é(F8êD) + ,ëíWX 	→ ,'é(F8èD) + ,ë#Z                       [4.5] 

,ë#Z + 2,D + 281 	→ ,ëíWX                                            [4.6] 
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Upon introduction of caspase-3, the D-E-V-D-MB-HRP is cleaved from the surface of the 

electrode.219 A current depletion is observed as concentration of caspase increases. 

Incubation time of the modified electrodes in caspase-3 were kept constant at 1h with an 

overall limit of detection of 100 pM.219 Experimental disadvantages still remains the “on-

off” type of sensing mechanism and increased incubation time.  

 

 

Scheme 4.3. Sensor overview developed by Khalilzadeh and co-workers using MB and 
HRP.219 This scheme shows surface modification with the sensor. Signal is produced upon 
incubation with H2O2 and HQ and monitored by square wave voltammetry. 

 

4.1.4. Enzyme-responsive electrochemical biosensors within the Green group 

 An enzyme-responsive biosensor system has been developed by the Green 

research group focusing on the caspase-3 enzyme and the amino acid substrate D-E-V-

D. However, development of this system has focused on maintaining an “on” type signal, 

despite enzyme interaction, as a method to minimize false positive and negatives 

associated with “on-off”-type sensing systems.217 Fc-D-E-V-D sensors were immobilized 

on a gold electrode surface to enhance the electrochemical signal produced due to the 

proximity of the electroactive center to the electrode surface. Upon introduction of 

caspase-3, the D-E-V-D substrate is cleaved from the electrode, diffuses away from the 

surface. The Fc center remains covalently attached to the electrode surface. As a result 

of electronic changes on the cyclopentadiene rings (Cp) of the Fc, measurable 

electrochemical shifts are observed. Electrochemical techniques such as cyclic 
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voltammetry (CV) are used to evaluate the success of the biosensor and limit of detection. 

Scheme 4.4 outlines the overarching design and goal of this biosensor system.  

 

 

Scheme 4.4. Concept and design of enzyme-responsive biosensors immobilized on a gold 
electrode surface. The substrate used for the caspase-3 sensor is a D-E-V-D amino acid 
sequence covalently attached to a redox active Fc molecule. 

 

4.2. Design and rationale for D-E-V-D biosensors 

 Fc-based D-E-V-D sensors for caspase-3 have been previously synthesized and 

immobilized on electroactive surfaces in the literature including Xiao and co-workers.217 

However, the Fc-D-E-V-D sensors produced by Xiao were based on an “on-off” type of 

mechanism upon introduction of the enzyme system to the modified electrode.217-219 The 

Green research group set out to develop an “on-on”-type biosensing system using 

caspase-3 and D-E-V-D substrate as a model system for future enzyme-responsive 

sensors. The library of sensors (4.1 – 4.4, Figure 4.1) include three main components: (1) 

D-E-V-D substrate, (2) an electroactive center (Fc), and (3) an immobilization linker. Fc 

was chosen as the electroactive center as the molecule is relatively cheap, can be 

synthetically modified on the cyclopentadiene rings (Cp), and the electrochemical signal 

produced electrochemically is robust.1, 108, 220 The immobilization linkers used all contain 

terminal thiol functionalities for monolayer formation on gold electrode surfaces.113, 124-125, 

182   
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Figure 4.1. Library of enzyme-responsive biosensors (4.1 - 4.4).  

 

 In order to maintain a constant signal, necessary for an “on-on”-type system, 

biosensor synthesis was designed to ensure that the Fc functionality would remain 

covalently attached to the electrode at all times. As such, the Fc moiety would be directly 

attached the immobilization linker as well as the N-terminus of the D-E-V-D substrate. As 

caspase-3 interacts with the sensor-modified electrode, the D-E-V-D substrate would be 

cleaved at the C-terminus and diffuse away from the electrode surface while the Fc and 

linker remain adhered to the surface. To achieve this, synthesis of 4.2 – 4.4 was 

completed using 2-chlorotrityl chloride resin and building the sensor from the 

immobilization linker to the substrate.  

 

4.3. Synthesis of D-E-V-D biosensors (4.1 – 4.4) 

 A small library of D-E-V-D biosensors were synthesized for the quantification and 

detection of caspase-3 in solution. Solid phase peptide synthesis methods were used to 

produce molecules 4.1 – 4.4 (Figure 4.1).181 Characterization of the biosensors was 

completed using 1H NMR, elemental analysis, and cyclic voltammetry.  

 Compound 4.1 serves as a control within the series because it does not contain 

an immobilization linker. Using solid phase peptide synthesis, the 1-Fmoc-amino-
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ferrocene-1’-carboxylic acid was coupled to rink amide resin. To ensure appropriate 

reactivity, amino acids (aspartic acid and glutamic acid) were purchased with acid labile 

protecting groups (tBu). However, the primary amines of interest necessary for the 

formation of the ‘peptide’ bond were protected with base labile 

fluorenylmethyloxycarbonyl (Fmoc) group. This allows for easy deprotection of the Fmoc 

group throughout synthesis without disruption to the tBu groups located on the R groups 

of the amino acids.  Upon completion of the synthesis, the remaining protecting groups 

are removed under the acidic conditions that cleave the biosensor, molecule 4.1, from the 

solid surface. The synthetic full scheme is outline in Scheme 4.5.  

 Compounds 4.2 – 4.4 were all synthesized using a high loading 2-chlorotrityl 

chloride resin using typical solid phase peptide techniques.181 However, 4.4 was 

synthesized as an additional control since the amino acid sequence attached to the Fc 

moiety is a D-V-V-D sequence (Scheme 4.7). No measurable electrochemical change 

should be observed upon addition of caspase-3 to the electrode system. 4.2 and 4.3 both 

possess the D-E-V-D substrate along with an immobilization linker (Scheme 4.6). 4.2 has 

a shorter immobilization linker (m = 5) while 4.3 has a longer immobilization linker (m = 

10). The effects of the modifications to the linker length were evaluated by cyclic 

voltammetry.   
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Scheme 4.5. Synthetic overview of 4.1. 
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Scheme 4.6. Synthesis of 4.2 and 4.3. 
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Scheme 4.7. Synthesis of 4.4. 
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4.4. Electrochemical evaluation of 4.1 – 4.4 in solution 

 Cyclic voltammetry was completed on enzyme-responsive sensors 4.1 – 4.4 

(Figure 4.1) to evaluate the electrochemical potentials in solution under biological 

conditions. All cyclic voltammetry experiments were completed using a three-electrode 

set-up a gold working electrode (1.6 mm), platinum auxiliary electrode, and Ag/AgCl 

reference electrode. A jacketed electrochemical cell was used to maintain a constant 

temperature at 25 oC, which remained under N2. 1X PBS buffer at pH 7.0 was used as 

the solvent keeping the total volume at 3 mL. All sensors (Figure 4.1) were completely 

soluble using 1 mg/mL concentrations. These conditions were used throughout the 

studies described within this chapter unless otherwise noted. 

 The cyclic voltammogram overlay of 4.1 – 4.4 in solution is outlined in Figure 4.2. 

All sensors show a chemically reversible system as both oxidation and reduction events 

are coupled and steady despite scan direction. The overall reversibility, however, shifts 

dependent on the sensor complex. The electrochemical data is presented in Table 4.1.   

 For an electrochemical system to be a theoretically reversible system, the ∆E for 

a nernstian system is close to 59 mV per electron transfer at 25 oC.120 In addition, the 

current ratio (Ipa/Ipc) is 1 regardless of scan rate in a reversible system.120 The data 

collected for 4.1 – 4.4 deviate from true reversible nernstian parameters. Conversely, 4.1 

– 4.4 are all diffusion controlled as observed by the linear correlation of the current outputs 

to v1/2. 
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Figure 4.2. Cyclic voltammogram overlay of 4.1 – 4.4 (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 100 mV/s) 

 

Table 4.1. Electrochemical data collected for 4.1 – 4.4 in 1X PBS, pH 7.0, using a gold working 
electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode at 100 mV/s. 

 Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

4.1 476 346 0.4538 0.5142 411 130 0.8825 
4.2 458 356 1.4481 0.9271 407 102 1.5620 
4.3 493 335 0.9540 0.5315 414 158 1.7946 
4.4 510 357 0.6842 0.6635 434 153 1.0311 

 

4.5.  Immobilization of the biosensors to gold electrode surfaces  

 Gold working electrodes are commonly used found in the field of electrochemistry. 

Gold surfaces have been investigated extensively as a sensor support due to five 

important attributes: (1) readily available from commercial sources, (2) easily patterned 

and manipulated, (3) relatively stable, (4) found commonly in thin films, and (5) compatible 

with cells.183 Additionally, thiolates have a high affinity for gold. As such, thiolates have 

-0.20.00.20.40.60.8
-0.000003

-0.000002

-0.000001

0.000000

0.000001

C
ur

re
nt

 (A
)

Potential (V) vs. Ag/AgCl

 4.1
 4.2
 4.3
 4.4



 116 

the ability to form densely packed monolayers.182 Au(111) is mostly used as the 

orientation of the crystals are homogeneous with minimal defects.182, 221-223 Additionally, 

using Au(111) electrodes ensures that the surface area of the electrode is known, 

necessary for coverage calculations. These characteristics make gold an important tool 

for immobilization studies.224,194,225  

 Immobilization of the sensor also provides a route to increase reversibility of the 

redox signal as well as improve electrochemical signal.124-125 Reversibility of the redox 

signal is indicative of the redox species existing identical, yet independently on the 

surface, chemical reactions preceding or following the electron transfer are minimized, 

and within this discussion, immobilization has occurred. Self-assembled monolayers have 

been previously studied by Auletta and Chidsey investigating the effects of monolayer 

formation on Fc redox chemistry.125, 221 Bard reports that for a surface modified monolayer 

with no interactions between redox centers has a FWHM value of 90.3 mV at 24 oC.120, 

125 Auletta and co-workers set out to investigate the effects of monolayer composition on 

Fc redox chemistry.125 It was observed that in order to maintain a reversible and 

independent redox signal, the total concentration of redox active Fc must be kept below 

0.20 mM (20% of a 1 mM solution).125, 221 A spacer molecule was added to encourage 

separation of redox active systems to control layer composition and avoid monolayer 

defects including “islanding”.124-125 As such, Fc-alkanethiols might be introduced in a 0.20 

mM (20%) solution where 0.80 mM (80%) is an alkanethiol with no redox center.125  

 Before immobilization of sensors 4.2 – 4.4 can be completed, the gold electrode 

surface must be thoroughly cleaned. First, the gold surface is treated with piranha 

solution, which consists of concentrated sulfuric acid and 30% hydrogen peroxide (3:1 

H2SO4:H2O2). The piranha solution must be used cautiously as it is very reactive with 
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organics but is primarily used to remove any organic matter from the surface of the 

electrode. In addition, piranha solution does not comprise the integrity of the gold surface 

or etch the surface unlike aqua regia (HCl: HNO3), which has the potential to result in 

pitting of the gold. After leaving a drop of piranha solution on the gold electrode surface, 

the electrode is rinsed thoroughly with water and the waste properly disposed of. Although 

organic matter may no longer be on the surface of the electrode, the gold surface must 

still be electrochemically cleaned using H2SO4 (0.5 M). The potential is swept multiple 

times from 0 to 1.6V at 100 mV/s until minimal changes are observed for the reduction 

event. Then, the electrode is rinsed thoroughly once more with water and dried by a 

stream of air.  

 Immobilization of 4.2 – 4.4 was achieved by co-incubation with a spacer in 95% 

ethanol overnight. Specifically, the sensor was incubated with a spacer of similar alkyl 

chain length. For example, 4.3 and 4.4 were incubated with 11-mercaptoundecanol. As 

both linkers are of similar length, preferential binding of one compound over the other 

should be minimized. The spacer used for 4.2 was 6-mercaptohexanol. A 1 mM solution 

of sensor and spacer were prepared, and the electrode was soaked overnight in the 

ethanol-sensor-spacer solution. After 12 h, the electrode surface was thoroughly rinsed 

with 95% ethanol and water before being dried by a stream of air used for electrochemical 

studies. To maintain consistency throughout the remainder of the discussion, loading 

concentration will be denoted by sensor concentration (mM) as outlined in Table 4.2. In 

addition, the subscript Au will be used with compound names (4.2 – 4.4) to distinguish 

gold immobilized compounds.  
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Table 4.2. Outline of ratio (sensor:spacer) to percentage and concentration (mM) of sensor. 

Percentage of sensor Ratio (sensor:spacer) Concentration of sensor (mM) 
20% 20:80 0.20 mM 
15% 15:85 0.15 mM 
10% 10:90 0.10 mM 
5% 5:95 0.05 mM 

 

4.6. Optimization of loading and immobilization conditions for 4.2 and 4.3 

 4.2 was co-incubated with 6-mercaptohexanol in 95% ethanol using 0.20 mM to 

0.05 mM concentrations of sensor as described in Table 4.2. The sensor-modified 

electrodes were evaluated using a three-electrode set-up composed of the modified gold 

electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode. The solvent was 

1X PBS (1 mL) at pH 7.0 maintaining a temperature of 25 oC.  

 The cyclic voltammetry scans were initially completed at 500 mV/s with no 

observable oxidation and reduction events. However, by increasing the scan rate to 1500 

mV/s, a broad oxidation and event could be visualized (Figure 4.3). This need for a fast 

scan rate is most likely a result of the close proximity of the Fc molecule to the electrode 

surface. In addition, the broadness could be a result of poor packing and monolayer 

formation on the gold electrode surface as well as lack of solubility. A similar broadness 

of the redox signal of Fc as a result of a short linker length was observed by Auletta and 

co-workers.125 It was hypothesized that the short chain length as compared to the longer 

chain length had poor monolayer formation most likely a result of weaker interchain 

interactions.125 
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Figure 4.3. Cyclic voltammogram of 4.2Au. (Experimental conditions: gold working electrode, 
platinum auxiliary electrode, Ag/AgCl reference electrode, 1500 mV/s) 

 

 4.3 was co-incubated with 11-mercaptoundecanol in 95% ethanol using 0.20 mM 

to 0.05 mM concentrations of sensor as described in Table 4.2 and evaluated under the 

same conditions as 4.2Au. Cyclic voltammetry of 4.3Au was completed at 500 mV/s (Figure 

4.4, Table 4.3). A chemically reversible event was observed; both oxidation (Epa average 

= 416 mV) and reduction (Epc average = 366 mV) waves were present. To confirm the 

signal observed was derived from immobilized compound, current (Ipa and Ipc) versus v 

were plotted and evaluated with R > 0.94 (Chapter 1.7, Figure A3.9). 
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Figure 4.4. Cyclic voltammogram of immobilized 4.3Au. (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 500 mV/s) 

 

Table 4.3. Electrochemical data collected for 4.3Au in 1X PBS, pH 7.0, using a gold working 
electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode at 500 mV/s. 

% 
Immobilized 

Epa 
(mV) 

Epc 
(mV) Ipa (µA) Ipc (µA) E1/2 

(mV) 
∆E 

(mV) Ipa/Ipc 

Moles 
adsorbed 
(pmol)* 

FWHM 
(mV) 

20% 427 367 0.3532 0.2584 397 60 1.3668 4.08 121 
15% 413 360 0.2491 0.1501 387 53 1.6959 3.43 112 
10% 414 363 0.1347 0.1123 389 51 1.1994 2.57 111 
5% 407 372 0.0869 0.1171 390 35 0.7421 1.15 97 

* moles adsorbed calculated using QSOAs226 

 

 Upon immobilization of 4.3, immediate changes in the electrochemical data are 

observed as compared to solution-based studies. The E1/2 shifts from 414 mV (solution, 

Table 4.1) to more negative potentials of 391 mV (average, immobilized, Table 4.3). In 

addition, the ∆E observed for immobilized 4.3Au remains less than or equal to 59 mV. 
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These values (< 60 mV) are representative of an immobilized system with a one electron 

transfer. The FWHM of the oxidation wave was also calculated to assess the redox 

species within monolayer. As previously stated (Equation 1.14), if the FWHM remains 

less than or equal to 91 mV, then each redox active species is independent of one 

another. Although the FWHM values observed for 4.3Au are greater than 91 mV, a general 

trend is observed; the FWHM decreases as concentration of the redox active species 

decreases.  

 The moles of sensor adsorbed onto the electrode surface was calculated using 

QSOAs program based on Laviron’s work on diffusion-less electrochemical systems.226-

227 In order to complete this data fitting, the oxidation wave must be isolated and the 

baseline removed. Then, a fitting can be completed to calculate the number of redox 

active molecules adsorbed on the surface. Dimensional analysis can be completed to 

calculate the moles of D-E-V-D-Fc sensor adsorbed onto the gold electrode surface. By 

knowing the moles of sensor adsorbed onto the electrode surface, approximate time can 

be calculated for enzyme responsive studies.  

 4.2 and 4.3 were able to be immobilized onto the surface of a gold electrode upon 

co-incubation with spacers of similar length. 4.3Au showed a reversible system as 

compared to 4.2Au at 500 mV/s under biological conditions. In addition, calculations were 

completed on 4.3Au at 0.20 mM to 0.05 mM to evaluate Fc environment. As the 

concentration of Fc immobilized on the electrode decreases, the FWHM decreases 

indicative of identical, yet independent Fc species. For the remainder of the caspase-3 

studies, a 0.10 mM sensor solution of 4.3Au was prepared on the electrode surface.  
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4.7. Specific activity of caspase-3 

 To ensure measure caspase-3 enzymatic activity or specific activity as it is referred 

(Equation 4.7), an assay was performed using a fluorogenic peptide substrate Ac-D-E-V-

D-AFC (AFC = 7-amino-4-trifluoromethylcourmarin).  

 

specific	activity	(pmol	min1E	µg1E) = 	
õúwù	o

ûü†
°¢£r	×	•¶Cß®©™´¶C	¨≠ÆØ¶©	(

∞°±≤
ûü† )

®C≥¥µ®	Æ¶C®CØ©≠Ø´¶C	(∂∑)
             [4.7] 

 

Specifically, as the caspase-3 enzyme cleaves the D-E-V-D substrate at the C-terminus, 

the fluorophore AFC is activated to produce a measurable signal detectable with 

fluorescence. A plot of the fluorescence (RFU) versus enzyme concentration (pmol) 

provides a straight line with a slope equal to the Vmax (Figure 4.5B). However, to obtain 

the specific activity of the enzyme, a conversion factor must be calculated. An AFC 

standard curve was completed plotting the fluorescence (RFU) versus the concentration 

of AFC (pmol) (Figure 4.5A).  The inverse of the slope calculated from Figure 4.5A results 

in the conversion factor. The specific activity of the caspase-3 enzyme used for the 

studies described herein was calculated to be 947.7588 pmol min-1 µg-1. 
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Figure 4.5. (A) AFC standard curve and (B) specific activity of caspase-3 (slope = Vmax).  

 

4.8. Electrochemical evaluation of 4.3Au (0.10 mM sensor) with caspase-3, Preliminary 

study 

 A gold electrode was prepared by incubating the electrode in a 0.10 mM sensor of 

4.3. Cyclic voltammetry was completed using a three-electrode set-up comprised of a 

modified gold electrode, a platinum auxiliary electrode, and Ag/AgCl reference electrode 

in 1X PBS at 500 mV/s. The first scan completed was in the absence of caspase-3 to 

provide the starting parameters (potential and current) as the basis of control for the 

remainder of the study. Specifically, the initial “no enzyme” scan was used to calculate 

the moles adsorbed (pmol) of 4.3 on the electrode surface as well as calculate the FWHM 

(mV). Using the value for moles adsorbed, the estimated time for substrate cleavage 

could be calculated using Equation 4.8. Table 4.4 outlines electrochemical data obtained 

for the initial scan including moles of 4.3 on the surface and FWHM.  

 

Substrate	cleavage	time	(min) = 	 µ¶ª®™	≠º™¶©Ω®º	(æµ¶ª)
™æ®Æ´¨´Æ	≠ÆØ´ß´Ø¥	(æµ¶ª	µ´Cø¿	∂∑ø¿)×	∂∑	¶¨	®C≥¥µ®

		     [4.8] 
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Table 4.4. Electrochemical data for initial scan for 4.3Au in 1X PBS, pH 7.0, using a modified gold 
working electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode at 500 mV/s. 

E1/2 (mV) ∆E (mV) Ipa/Ipc 
Moles 

adsorbed 
(pmol) 

FWHM (mV) 
Substrate 

cleavage time 
(min, s) 

452 29 0.9192 2.59 108 0.68 m, 41 s 
 

 The cyclic voltammogram of 4.3Au with caspase-3 (20 ng, 6.8 nM) is shown in 

Figure 4.6. An observable shift in potentials was observed upon introduction of the 

caspase-3 to the electrochemical cell. This shift in potential is hypothesized to be a result 

of enzyme cleavage of the D-E-V-D substrate. The result of this reaction is the conversion 

of an amide to an amine amine on the cyclopentadienyl (Cp) ring of Fc. As previously 

mentioned in Ch.4, the presence of a primary amine on the Cp ring is more electron 

donating to the Fe center of Fc, thus, resulting in potentials more negative than that of 

amide bonds. Overall, a 41 mV shift is observed after 45 s within the experimental window 

used. Electrochemical data is outlined in Table 4.5.  

 

 

Figure 4.6. Cyclic voltammogram of 4.3Au (0.10 mM) with caspase-3 (20 ng, 6.8 nM). 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 5 s intervals)
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Table 4.5. Electrochemical data collected for 4.3Au (0.10 mM) with caspase-3 (20 ng) in 1X PBS, 
pH 7.0, using a modified gold working electrode, platinum auxiliary electrode, and Ag/AgCl 
reference electrode at 500 mV/s in 5 second intervals. 

Time (s) E1/2 (mV) ∆E (mV) Ipa/Ipc 

‘No enzyme’ 452 29 0.9192 
0 441 28 0.8421 
5 436 29 0.7806 
10 426 35 0.8671 
15 418 28 0.9002 
20 418 32 0.8589 
25 415 31 0.8545 
30 411 27 0.9259 
35 411 30 0.7766 
40 415 28 0.8041 
45 413 29 0.8112 

Shift in potential (mV) 41   
 

 Although a 41 mV shift is observed upon introduction of caspase-3 to the 

electrochemical cell, a significant decrease in the current output (Ipa and Ipc) was also 

observed over the short time period. Multiple hypotheses were formulated to account for 

this sudden decrease in current output: (1) the short time interval between each scan is 

resulting in the buildup of charge, which will impede the redox chemistry of Fc, (2) the 

reducing agent DTT is interfering with the redox chemistry of Fc, or (3) the Fc is simply 

decomposing quickly (under a minute) due to the experimental parameters used including 

scan window. To investigate these hypotheses, control experiments were completed 

focusing specifically on experimental set-up. 

 

4.9. Experimental controls to evaluate decrease in current output 

 The first hypothesis investigated was (1): the short time interval (s) between each 

scan is resulting in the buildup of charge, which will impede the redox chemistry of Fc. To 

study hypothesis (1), a modified gold electrode with 4.3 (0.10 mM) was scanned every 30 
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s rather than 5 s. The time interval of 30 s was chosen as cleavage of the D-E-V-D 

substrate from 4.3 for a 0.10 mM system is calculated to be completed in approximately 

40 s. As such, three scans should show complete cleavage of the substrate. Experimental 

parameters were maintained with no enzyme added. However, 20 µL of 1X PBS buffer 

were added after the initial scan to simulate conditions used with the enzyme 

experiments. Figure 4.7 shows the cyclic voltammogram of 4.3Au with a scan interval of 

30s in 1X PBS. Depletion of the current (Ipa and Ipc) (78% current decrease over 270 s) is 

still observed even by increasing the time (s) interval between scans. Therefore, a change 

in the time interval is not responsible for the current depletion observed in Figure 4.6.   

 

Figure 4.7. Cyclic voltammogram of 4.3Au (0.10 mM) with 1X PBS as control. (Experimental 
conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 500 
mV/s, 30s intervals) 
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 The second hypothesis was (2): the reducing agent, DTT, is interfering with the 

redox chemistry of Fc. DTT is a well-known reducing agent in enzyme chemistry. 

Specifically, DTT is used to keep the caspase-3 active by keeping the cysteine residue 

reduced within the active site.228 However, enzyme activity can be maintained even when 

decreasing the concentration of DTT (< 5 mM).228 Experimental parameters were 

maintained with no enzyme added. However, 20 µL of caspase buffer (+DTT) were added 

after the initial scan to simulate conditions used with the enzyme experiments with a scan 

interval of 30 s. Figure 4.8 shows the cyclic voltammogram of 4.3Au with the addition of 

20 µL of caspase buffer (+DTT). Depletion of the current (Ipa and Ipc) (90% depletion over 

90 s window) is observed with the addition of the caspase buffer (+DTT). A fresh solution 

of caspase buffer was made but without DTT. The experiment was repeated with 4.3Au 

and the solution of caspase buffer without DTT. 20 µL of caspase buffer (-DTT) was added 

after the initial scan to simulate conditions used with the enzyme experiments with a scan 

interval of 30 s. Figure 4.9 shows the cyclic voltammogram of 4.3Au with the addition of 

20 µL of caspase buffer (-DTT). Depletion of the current (Ipa and Ipc) (65% depletion over 

270 s window) is also observed with the addition of the caspase buffer (-DTT). Therefore, 

it can be concluded that the presence of DTT is not impacting the depletion of the current 

that was observed in Figure 4.6.  
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Figure 4.8. Cyclic voltammogram of 4.3Au (0.10 mM) with caspase buffer (+DTT) as control. 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 30 s intervals) 

 

 

Figure 4.9. Cyclic voltammogram of 4.3Au (0.10 mM) with caspase buffer (-DTT) as control. 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 30 s intervals) 
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 The final hypothesis investigated to account for loss of current was (3): the Fc 

molecules are decomposing quickly (under a minute) due to the experimental parameters 

used including scan window. Experimental parameters were set so that the final potential 

reached was 50 mV to ensure that the final potential was set near the open circuit 

potential (OCP) instead of a final potential near 200 mV. As such, there is complete 

certainty that the final state of the Fe centers of the Fc molecules on the surface exist in 

the +2 oxidation state (stable for Fc). 20 µL of 1X PBS were added after the initial scan 

to simulate conditions used with the enzyme experiments with a scan interval of 60 s. 

Figure 4.10 shows the cyclic voltammogram of 4.3Au with the addition of 20 µL of 1X PBS 

under the new experimental parameters. Depletion of the current (Ipa and Ipc) (< 20% 

current depletion over the 540 s) is minimized by adjusting the experimental parameters 

and the final potential. Therefore, the remainder of the studies performed were now 

completed under new experimental parameters focusing on the final potential at 50 mV 

at 500 mV/s using 60 s scan intervals.  
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Figure 4.10. Cyclic voltammogram of 4.3Au (0.10 mM) with 1X PBS under new experiment 
parameters as a control. (Experimental conditions: gold working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 500 mV/s, 60 s intervals) 

 

4.10.  Electrochemical evaluation of 4.3Au (0.10 mM) with caspase-3 

 Electrochemical experiments of 4.3Au with caspase-3 were repeated using the new 

experimental parameters discussed previously with a final potential of 100 mV with 60 s 

scan intervals. A cyclic voltammogram of 4.3Au (0.10 mM) with 8 ng of caspase-3 (2.8 

nm) is shown in Figure 4.11. Table 4.6 outlines the electrochemical data obtained.  
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Figure 4.11. Cyclic voltammogram of 4.3Au (0.10 mM) with 8 ng of caspase-3 with 60 s intervals. 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 60 s intervals) 

 

Table 4.6. Electrochemical data collected for 4.3Au (0.10 mM) with caspase-3 (8 ng, 2.8 nM) in 
1X PBS, pH 7.0, using a modified gold working electrode, platinum auxiliary electrode, and 
Ag/AgCl reference electrode at 500 mV/s in 60 second intervals. 

 E1/2 
(mV) ∆E (mV) Ipa/Ipc 

Moles 
Adsorbed 

(pmol) 

FWHM 
(mV) 

Substrate cleavage time 
(s) 

No 
Enzyme 516 142 0.6301 2.66 109 23 s 

Time (s) E1/2 
(mV) ∆E (mV) Ipa/Ipc Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) 

0 519 140 1.8476 589 449 0.296 0.1602 
60 506 116 2.1027 564 448 0.3766 0.1791 
120 502 108 3.8297 556 448 0.4431 0.1157 
180 499 98 3.0744 548 450 0.4252 0.1383 
240 499 92 2.9488 545 453 0.5246 0.1779 
300 501 96 4.0018 549 453 0.4398 0.1099 
360 500 93 1.3544 546 453 0.4605 0.34 
420 495 83 2.1649 536 453 0.4962 0.2292 
480 494 82 2.4397 535 453 0.4721 0.1935 

∆ (abs. 
value) 25   54 4   

 

 From examination of Table 4.6, the largest shift observed is 54 mV for the oxidation 

wave (Epa). This shift is consistent with the cleavage of the D-E-V-D substrate from 4.3Au 
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resulting the primary amine on the Cp ring of Fc. However, the overall shift in the E1/2 was 

calculated to be 25 mV. Although, this shift is not as large as the shift observed previously 

(41 mV, Table 4.5), this is most likely a result of the new experimental parameters. In 

addition, the data obtained is comparable to experiments that will be discussed later in 

this section. The calculated substrate cleavage time (23 s) from the specific activity is 

shorter than time observed for the potential to equilibrate (480 s). This observation is most 

likely a result of the time needed for the caspase-3 to diffuse to the electrode surface. As 

diffusion of the caspase-3 within the cell may be a limiting factor, data obtained at 480 s 

will be compared at various caspase-3 concentrations.  

 4.3Au (0.10 mM) was once again immobilized on a gold electrode and 

electrochemically evaluated upon incubation with 6 ng of caspase-3 (2.1 nM). The cyclic 

voltammogram is outlined in Figure 4.12 with the corresponding data in Table 4.7. The 

largest shift observed upon introduction of 6 ng of caspase-3 is 19 mV for the oxidation 

wave (Epa). However, the overall shift in the E1/2 was calculated to be 17 mV. The 

calculated substrate cleavage time was estimated to be 27 s. The increase in cleavage 

time is consistent with the decrease in caspase-3 introduced. In addition, the smaller 

shifts are also consistent with the smaller caspase-3 concentrations. 
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Figure 4.12. Cyclic voltammogram of 4.3Au (0.10 mM) with 6 ng of caspase-3 with 60 s intervals. 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 60 s intervals) 

 

Table 4.7. Electrochemical data collected for 4.3Au (0.10 mM) with caspase-3 (6 ng, 2.1 nM) in 
1X PBS, pH 7.0, using a modified gold working electrode, platinum auxiliary electrode, and 
Ag/AgCl reference electrode at 500 mV/s in 60 s intervals.  

 E1/2 
(mV) ∆E (mV) Ipa/Ipc 

Moles 
Adsorbed 

(pmol) 

FWHM 
(mV) 

Substrate cleavage time 
(s) 

No 
Enzyme 394 35 0.8269 2.51 91 27 s 

Time (s) E1/2 
(mV) ∆E (mV) Ipa/Ipc Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) 

0 381 81 2.7455 421 340 0.3830 0.1395 
60 386 71 1.3427 421 350 0.2750 0.2048 
120 390 67 1.5517 423 356 0.2472 0.1593 
180 390 65 1.0442 422 357 0.1440 0.1379 
240 386 64 1.4273 418 354 0.1346 0.0943 
300 389 58 1.4363 418 360 0.1547 0.1077 
360 390 61 0.9198 420 359 0.1044 0.1135 
420 389 64 2.6631 421 357 0.1755 0.0659 
480 377 31 1.5889 392 361 0.0974 0.0613 

∆ (abs. 
value) 17   19 15   
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 A new electrode was incubated with 4.3Au (0.10 mM) and electrochemically 

evaluated upon incubation with 4 ng of caspase-3 (1.4 nM). The cyclic voltammogram is 

outlined in Figure 4.13 with the corresponding data in Table 4.8. The largest shift 

observed upon introduction of 4 ng of caspase-3 is 10 mV for the oxidation wave (Epa). 

The overall shift in the E1/2 was calculated to be 9 mV. The calculated substrate cleavage 

time was estimated to be 35 s. The increase in cleavage time is consistent with the 

decrease in caspase-3 introduced. In addition, the smaller shifts are also consistent with 

the smaller caspase-3 concentrations. 

 

  

Figure 4.13. Cyclic voltammogram of 4.3Au (0.10 mM) with 4 ng of caspase-3 (1.4 nM) with 60 s 
intervals. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 500 mV/s, 60 s intervals) 
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Table 4.8. Electrochemical data collected for 4.3Au (0.10 mM) with caspase-3 (4 ng, 1.4 nM) in 
1X PBS, pH 7.0, using a modified gold working electrode, platinum auxiliary electrode, and 
Ag/AgCl reference electrode at 500 mV/s in 60 s intervals. 

 E1/2 
(mV) ∆E (mV) Ipa/Ipc 

Moles 
Adsorbed 

(pmol) 

FWHM 
(mV) 

Substrate cleavage time 
(s) 

No 
Enzyme 389 44 0.9707 2.21 109 35 s 

Time (s) E1/2 
(mV) ∆E (mV) Ipa/Ipc Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) 

0 390 36 1.3667 408 372 0.1364 0.0998 
60 390 46 1.2138 413 367 0.1697 0.1398 
120 386 44 0.9361 408 364 0.1071 0.1144 
180 385 48 1.7755 409 361 0.1392 0.0784 
240 386 39 1.1929 405 366 0.1187 0.0995 
300 386 39 1.1329 405 366 0.1193 0.1053 
360 382 44 0.9689 404 360 0.1248 0.1288 
420 381 46 1.1973 404 358 0.1074 0.0897 
480 381 41 1.6721 401 360 0.1321 0.0790 

∆ (abs. 
value) 9   10 7   

 

 

 Upon preparation of another electrode with 4.3Au, 2 ng of caspase-3 (0.7 nM) was 

introduced to the electrochemical system. Consistent with the previous experiments 

discussed, a shift in potential was observed for both the oxidation wave and overall E1/2 

(mV). The overall shift in the E1/2 was 7 mV over 480 s window examined. In addition, the 

time estimated for substrate cleavage with 2 ng caspase was 83 s, the longest of the 

experiments discussed. Figure 4.14 and Table 4.9 outline the data obtained for the dilute 

enzyme system.  
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Figure 4.14. Cyclic voltammogram of 4.3Au (0.10 mM) with 2 ng of caspase-3 (0.7 nM). 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 500 mV/s, 60 s intervals) 

 

Table 4.9. Electrochemical data collected for 4.3Au (0.10 mM) with caspase-3 (2 ng, 0.7 nM) in 
1X PBS, pH 7.0, using a modified gold working electrode, platinum auxiliary electrode, and 
Ag/AgCl reference electrode at 500 mV/s in 60 s intervals. 

 E1/2 
(mV) ∆E (mV) Ipa/Ipc 

Moles 
Adsorbed 

(pmol) 

FWHM 
(mV) 

Substrate cleavage time 
(s) 

No 
Enzyme 405 31 1.0534 2.62 104 83 s 

Time (s) E1/2 
(mV) ∆E (mV) Ipa/Ipc Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) 

0 402 31 1.5186 417 386 0.1868 0.1230 
60 402 32 1.3619 418 386 0.1825 0.1340 
120 400 31 1.0575 415 384 0.1581 0.1495 
180 401 34 1.6927 418 384 0.1901 0.1123 
240 402 33 0.9096 418 385 0.1288 0.1416 
300 398 35 1.2443 415 380 0.1151 0.0925 
360 397 36 1.1796 415 379 0.1346 0.1141 
420 396 35 1.3684 413 378 0.1248 0.0912 
480 398 38 0.7283 417 379 0.1016 0.1395 

∆ (abs. 
value) 7   3 10   
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 For evaluation at 480 s, the shifts in both midpoint potential (E1/2) and oxidation 

potential (Epa) were compared to enzyme concentration (nM). Values used within each 

graph are an average of two data sets for each concentration. Figure 4.15 focuses on the 

shift in E1/2 as it depends on enzyme concentration. A linear relationship can be observed 

with good linearity (R2 = 0.95). By having a standard curve, in bulk solution, the amount 

of caspase-3 can be quantified. In addition, Figure 4.16 outlines the shifts in oxidation 

potential (Epa) as a result of enzyme concentration (nM). The shifts observed decrease 

with enzyme concentration within the time window examined. A linear trend is once again 

observed (R2 = 0.84).  

 

Figure 4.15. Shift in E1/2 (mV) as a function of enzyme concentration (nM) at 480 s (R2 = 0.95).  
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Figure 4.16. Shift in Epa (mV) as a function of enzyme concentration (nM) at 480 s (R2 = 0.84). 

 

4.11. Specificity of caspase-3 using 4.4 

 To evaluate the specificity of caspase-3, 4.4 was synthesized with the amino acid 

sequence D-V-V-D rather than D-E-V-D. This simple substitution from a glutamic acid to 

a valine provides an additional control to assess caspase-3 selectivity and specificity. As 

a simple method for examination, 4.4 was dissolved in 1X PBS in solution and caspase-

3 was added. Scans were completed every 45 s, with no obvious sign of changes in the 

redox chemistry of the Fc (Figure 4.17).  
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Figure 4.17. Cyclic voltammogram of 4.4Au in solution with 40 ng of caspase-3 (7.1 nM, larger 
volume used). (Experimental conditions: gold working electrode, platinum auxiliary electrode, 
Ag/AgCl reference electrode, 500 mV/s, 45 s intervals) 

 

4.12. Conclusions 

 An enzyme-responsive biosensor was synthesized using a D-E-V-D substrate with 

a Fc core. With the addition of an immobilization linker with a terminal thiol, the sensor 

could be immobilized onto the surface of a gold electrode to help improve overall 

reversibility of the electrochemical signal as observed by cyclic voltammetry. Sensor 4.2 

possessed a short immobilization linker of 6-carbons and upon immobilization produced 

a weak, almost non-observable signal. Upon addition of the long immobilization linker 

used for 4.3, a reversible signal could be observed. Furthermore, by manipulating sensor 

loading and maintaining a concentration less than 0.20 mM of sensor, the Fc signal 
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remained stable and calculations were indicative of a reversible, identical, and 

independent system with monolayer formation. To date, the limit of detection for this 

system exists at 0.7 nM of caspase-3 with all experiments completed under biological 

conditions.  

 

4.13. Experimental (methods and materials) 

 

Materials and methods. Standard Fmoc Merrifield techniques were employed for all 

peptide synthesis.181 Reactions were completed using a plastic-fritted syringe (10 mL) as 

the reaction vessel and an automated shaker for mixing. Upon completion of synthesis, 

all biosensor products, which were isolated as solids, were stored at 0oC. Reagents used 

for synthesis were purchased from many commercials sources and used as received, 

unless otherwise noted. The resins used were 2-chlorotrityl chloride resin purchased from 

ChemPep (1.5 mmol/g loading) and Tentagel S ram resin purchased from Advanced 

Chem Tech (0.22 mmol/g loading). Resin loading is based on mmol of linker to g of 

resinThe amino acids (Fmoc-Asp(OtBu)-OH, Frmoc-Glu(OtBu)-OH, and Fmoc-Val-OH) 

were also purchased from Advanced Chem Tech. The Fc derivative 1’-Fmoc-amino-

ferrocene carboxylic acid was purchased from Omm Scientific (Dallas, TX).  

 

Physical methods. All 1H NMR spectra were completed using a Bruker Avance III (400 

MHz) High Performance Digital NMR spectrometer in d-DMSO. Cyclic voltammetry was 

performed using a BASi EC Epsilon potentiostat using a typical three electrode set-up. 

The system was composed of a 1.6 mm gold working electrode (unmodified and 

modified), a platinum auxiliary electrode, and Ag/AgCl reference electrode. All 



 141 

experiments were completed in 1X PBS (1 mL) under N2 in a jacketed cell at 25 oC. 

Elemental analysis was completed by Canadian Microanalytical, Inc.  

 

4.13.1. Synthesis of 4.1 – 4.4 

 

Synthesis of 4.1. A small sample of TentagelS Ram resin (0.22 mmol/g loading, 300 mg, 

0.066 mmol) was placed inside a fritted syringe (10 mL). A 1:1 ratio of dimethylformamide 

and dichloromethane was used to swell the resin (5 mL x 10 min x 3). The Fmoc-protected 

amine of the resin was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 

3). The deprotection solution was properly disposed of and the resin was thoroughly 

washed using dimethylformamide (DMF), methanol (MeOH), and dichloromethane 

(DCM) (3 DMF x 1 MeOH x 1 DMF x 3 MeOH x 1 DCM x 1 MeOH x 3 DCM; 4 to 5 mL 

each). The first coupling reaction was the formation of a peptide bond between resin and 

1’-Fmoc-amino-ferrocene carboxylic acid.  The coupling cocktail was composed of 1’-

Fmoc-amino-ferrocene carboxylic acid (92 mg, 0.20 mmol), 1-hydroxybenzotriazole (27 

mg, 0.20 mmol), diisopropyl carbodiimide (0.030 mL, 0.20 mmol), diisopropylethylamine 

(0.030 mL, 0.25 mmol), and a 4:1 mixture of DCM to DMF. This cocktail was added to the 

syringe and the reaction was allowed to mix to completion (approximately 6h). The 

coupling solution was then properly disposed of and the resin was treated with the 

washing sequence. Deprotection of the Fmoc protecting group of the ferrocene was 

achieved using 20% piperidine/DMF solution (5 mL x 20 min x 3). Upon disposal of the 

deprotection solution, the wash step was repeated. The second coupling cocktail was 

prepared using Fmoc-Asp(OtBu)-OH (81 mg, 0.20 mmol), 1-hydroxybenzotriazole (27 

mg, 0.20 mmol), diisopropyl carbodiimide (0.03 mL, 0.20 mmol), diisopropylethylamine 
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(0.03 mL, 0.25 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was 

added to the resin and allowed to mix for 6 hours. Upon completion, the cocktail was 

properly disposed of and the resin was washed thoroughly. Deprotection of the Fmoc 

protecting group of the ferrocene was achieved using 20% piperidine/DMF solution (5 mL 

x 20 min x 3) followed by a thorough wash of the resin. The next coupling cocktail was 

prepared using Fmoc-Val-OH (67 mg, 0.20 mmol), 1-hydroxybenzotriazole (27 mg, 0.20 

mmol), diisopropyl carbodiimide (0.03 mL, 0.20 mmol), diisopropylethylamine (0.03 mL, 

0.25 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was added to the 

resin and mixed for 6 hours. Upon completion, the resin was washed. The Fmoc group of 

the valine amino acid was removed using a 20% piperidine/DMF solution (5 mL x 20 min 

x 3).  After deprotection, the solution was disposed of properly and washed using the 

wash sequence. The next coupling cocktail was prepared using Fmoc-Glu(OtBu)-OH (85 

mg, 0.20 mmol), 1-hydroxybenzotriazole (27 mg, 0.20 mmol), diisopropyl carbodiimide 

(0.03 mL, 0.20 mmol), diisopropylethylamine (0.03 mL, 0.25 mmol), and a 4:1 mixture of 

DCM to DMF. This coupling cocktail was added to the resin and mixed for 6 hours. The 

coupling cocktail was disposed of properly and washed. The Fmoc protecting group on 

the amine of the glutamic acid was deprotected using 20% piperidine/DMF solution (5 mL 

x 20 min x 3). The next coupling cocktail was prepared using Fmoc-Asp(OtBu)-OH (81 

mg, 0.20 mmol), 1-hydroxybenzotriazole (27 mg, 0.20 mmol), diisopropyl carbodiimide 

(0.03 mL, 0.20 mmol), diisopropylethylamine (0.03 mL, 0.25 mmol), and a 4:1 mixture of 

DCM to DMF. This coupling cocktail was added to the resin and mixed for 6 hours. The 

coupling cocktail was properly disposed of and the resin washed. The Fmoc protecting 

group was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The 

deprotection solution was once again disposed of and the resin thoroughly washed.   The 
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final step was completed by preparing a cleavage cocktail using a TFA (9.45 mL), 

deionized H2O (0.25 mL), 1,2-ethanedithiol (0.25 mL), and triisopropylsilane (0.1 mL). 

This cleavage cocktail was reacted with the resin beads for 4 hours. The solution was 

collected in an Eppendorf tube and the TFA was allowed to evaporate slowly using a 

stream of air. Once approximately 1 mL of solution remained, the product was obtained 

through precipitation using cold diethyl ether and isolated by centrifugation as a yellow 

pellet. This ether wash was repeated 2-3 times to ensure a clean product. The pellet was 

then freeze-dried on a lyophilizer, crushed evenly, and stored at 0oC.  

 

Yield (based on resin loading): 21.3 mg (40.1%). Elemental Analysis for 

[C29H38FeN6O11]• 5TFA• 9Et2O Found (calc.): C, 47.36 (47.28); H, 6.25 (6.52), N, 6.51 

(6.36). 

 

Synthesis of 4.2. A small sample of 2-chlorotrityl chloride resin (1.5 mmol/g loading, 100 

mg, 0.15 mmol) was placed inside a fritted syringe (10 mL). Dichloromethane was used 

to swell the resin (5 mL x 10 min x 3). The first coupling reaction was the addition of the 

immobilization linker, 6-mercaptohexanoic acid. The coupling cocktail consisted of 6-

mercaptohexanoic acid (0.06 mL, 0.45 mmol) dissolved in DCM (8 mL) which was added 

to the resin and mixed for 6h. The resin was then thoroughly washed using 

dimethylformamide (DMF), methanol (MeOH), and dichloromethane (DCM) (3 DMF x 1 

MeOH x 1 DMF x 3 MeOH x 1 DCM x 1 MeOH x 3 DCM; 4 to 5 mL each). A capping 

solution of DCM (9 mL), MeOH (1 mL), and diisopropyl ethyl amine (0.5 mL, 2.8 mmol) 

was used to ensure all remaining reactive sites were inactive for the remainder of the 

synthesis. The capping solution was mixed with the resin for 1h. The capping solution 
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was disposed of and the resin was washed using the wash sequence. The next coupling 

step was the addition of Fmoc-ethylene diamine to resin. The coupling cocktail composed 

of Fmoc-ethylene diamine (143 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. Fmoc-protected amine of the ethylene 

diamine was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The 

deprotection solution was properly disposed of and the resin was thoroughly washed 

using. The next coupling reaction was the formation of a peptide bond between resin and 

1’-Fmoc-amino-ferrocene carboxylic acid.  The coupling cocktail was composed of 1’-

Fmoc-amino-ferrocene carboxylic acid (210 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 

mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This cocktail was added to the 

syringe and the reaction was allowed to mix to completion (approximately 6h). The 

coupling solution was then properly disposed of and the resin was treated with the 

washing sequence. Deprotection of the Fmoc protecting group of the ferrocene was 

achieved using 20% piperidine/DMF solution (5 mL x 20 min x 3). Upon disposal of the 

deprotection solution, the wash step was repeated. The following coupling cocktail was 

prepared using Fmoc-Asp(OtBu)-OH (185 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 

mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was 

added to the resin and allowed to mix for 6 hours. Upon completion, the cocktail was 

properly disposed of and the resin was washed thoroughly. Deprotection of the Fmoc 

protecting group on the aspartic acid was achieved using 20% piperidine/DMF solution (5 

mL x 20 min x 3) followed by a thorough wash of the resin. The next coupling cocktail was 
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prepared using Fmoc-Val-OH (152 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was added to the 

resin and mixed for 6 hours. Upon completion, the resin was washed. The Fmoc group of 

the valine amino acid was removed using a 20% piperidine/DMF solution (5 mL x 20 min 

x 3).  After deprotection, the solution was disposed of properly and washed using the 

wash sequence. The next coupling cocktail was prepared using Fmoc-Glu(OtBu)-OH 

(191 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl 

carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine (0.08 mL, 0.45 mmol), and a 

4:1 mixture of DCM to DMF. This coupling cocktail was added to the resin and mixed for 

6 hours. The coupling cocktail was disposed of properly and washed. The Fmoc 

protecting group on the amine of the glutamic acid was deprotected using 20% 

piperidine/DMF solution (5 mL x 20 min x 3) followed by a thorough washing of the resin. 

The next coupling cocktail was prepared using Fmoc-Asp(OtBu)-OH (185 mg, 0.45 

mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 

0.45 mmol), diisopropyl ethyl amine (0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to 

DMF. This coupling cocktail was added to the resin and mixed for 6 hours. The coupling 

cocktail was properly disposed of and the resin washed. The Fmoc protecting group was 

deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The deprotection 

solution was once again disposed of and the resin thoroughly washed.   The final step 

was completed by preparing a cleavage cocktail using a TFA (9.45 mL), deionized H2O 

(0.25 mL), 1,2-ethanedithiol (0.25 mL), and triisopropylsilane (0.1 mL). This cleavage 

cocktail was reacted with the resin beads for 4 hours. The solution was collected in an 

Eppendorf tube and the TFA was allowed to evaporate slowly using a stream of air. Once 
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approximately 1 mL of solution remained, the product was obtained through precipitation 

using cold diethyl ether and isolated by centrifugation as a yellow pellet. This ether wash 

was repeated 2-3 times to ensure a clean product. The pellet was then freeze-dried on a 

lyophilizer, crushed evenly, and stored at 0oC.  

 

Yield (based on resin loading): 89 mg (60.7%). Elemental Analysis for [C37H53FeN7O12S] 

TFA• Et2O Found (calc.): C, 49.12 (48.54); H, 5.61 (6.06), N, 9.58 (9.22). 

 

Synthesis of 4.3. A small sample of 2-chlorotrityl chloride resin (1.5 mmol/g loading, 100 

mg, 0.15 mmol) was placed inside a fritted syringe (10 mL). Dichloromethane was used 

to swell the resin (5 mL x 10 min x 3). The first coupling reaction was the addition of the 

immobilization linker, 11-mercaptoundecanoic acid. The coupling cocktail consisted of 

11-mercaptoundecanoic acid (98 mg, 0.45 mmol) dissolved in DCM (8mL) which was 

added to the resin and mixed for 6h. The resin was then thoroughly washed using 

dimethylformamide (DMF), methanol (MeOH), and dichloromethane (DCM) (3 DMF x 1 

MeOH x 1 DMF x 3 MeOH x 1 DCM x 1 MeOH x 3 DCM; 4 to 5 mL each). A capping 

solution of DCM (9 mL), MeOH (1 mL), and diisopropyl ethyl amine (0.5 mL, 2.8 mmol) 

was used to ensure all remaining reactive sites were inactive for the remainder of the 

synthesis. The capping solution was mixed with the resin for 1h. The capping solution 

was disposed of and the resin was washed using the wash sequence. The next coupling 

step was the addition of Fmoc-ethylene diamine to resin. The coupling cocktail composed 

of Fmoc-ethylene diamine (143 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. Fmoc-protected amine of the ethylene 
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diamine was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The 

deprotection solution was properly disposed of and the resin was thoroughly washed 

using. The next coupling reaction was the formation of a peptide bond between resin and 

1’-Fmoc-amino-ferrocene carboxylic acid.  The coupling cocktail was composed of 1’-

Fmoc-amino-ferrocene carboxylic acid (210 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 

mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This cocktail was added to the 

syringe and the reaction was allowed to mix to completion (approximately 6h). The 

coupling solution was then properly disposed of and the resin was treated with the 

washing sequence. Deprotection of the Fmoc protecting group of the ferrocene was 

achieved using 20% piperidine/DMF solution (5 mL x 20 min x 3). Upon disposal of the 

deprotection solution, the wash step was repeated. The following coupling cocktail was 

prepared using Fmoc-Asp(OtBu)-OH (185 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 

mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropyl ethyl amine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was 

added to the resin and allowed to mix for 6 hours. Upon completion, the cocktail was 

properly disposed of and the resin was washed thoroughly. Deprotection of the Fmoc 

protecting group on the aspartic acid was achieved using 20% piperidine/DMF solution (5 

mL x 20 min x 3) followed by a thorough wash of the resin. The next coupling cocktail was 

prepared using Fmoc-Val-OH (152 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was added to the 

resin and mixed for 6 hours. Upon completion, the resin was washed. The Fmoc group of 

the valine amino acid was removed using a 20% piperidine/DMF solution (5 mL x 20 min 



 148 

x 3).  After deprotection, the solution was disposed of properly and washed using the 

wash sequence. The next coupling cocktail was prepared using Fmoc-Glu(OtBu)-OH 

(191 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl 

carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 0.45 mmol), and a 

4:1 mixture of DCM to DMF. This coupling cocktail was added to the resin and mixed for 

6 hours. The coupling cocktail was disposed of properly and washed. The Fmoc 

protecting group on the amine of the glutamic acid was deprotected using 20% 

piperidine/DMF solution (5 mL x 20 min x 3) followed by a thorough washing of the resin. 

The next coupling cocktail was prepared using Fmoc-Asp(OtBu)-OH (185 mg, 0.45 

mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 

0.45 mmol), diisopropylethylamine (0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to 

DMF. This coupling cocktail was added to the resin and mixed for 6 hours. The coupling 

cocktail was properly disposed of and the resin washed. The Fmoc protecting group was 

deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The deprotection 

solution was once again disposed of and the resin thoroughly washed.   The final step 

was completed by preparing a cleavage cocktail using a TFA (9.45 mL), deionized H2O 

(0.25 mL), 1,2-ethanedithiol (0.25 mL), and triisopropylsilane (0.1 mL). This cleavage 

cocktail was reacted with the resin beads for 4 hours. The solution was collected in an 

Eppendorf tube and the TFA was allowed to evaporate slowly using a stream of air. Once 

approximately 1 mL of solution remained, the product was obtained through precipitation 

using cold diethyl ether and isolated by centrifugation as a yellow pellet. This ether wash 

was repeated 2-3 times to ensure a clean product. The pellet was then freeze-dried on a 

lyophilizer, crushed evenly, and stored at 0oC.  

 



 149 

Yield (based on resin loading): 90 mg (50%). Elemental Analysis for [C42H63FeN7O12S] 

TFA• Et2O• 2H2O Found (calc.): C, 49.75 (49.27); H, 6.21 (6.72), N, 8.11 (8.38). 

 

Synthesis of 4.4. A small sample of 2-chlorotrityl chloride resin (1.5 mmol/g loading, 100 

mg, 0.15 mmol) was placed inside a fritted syringe (10 mL). Dichloromethane was used 

to swell the resin (5 mL x 10 min x 3). The first coupling reaction was the addition of the 

immobilization linker, 11-mercaptoundecanoic acid. The coupling cocktail consisted of 

11-mercaptoundecanoic acid (98 mg, 0.45 mmol) dissolved in DCM (8mL) which was 

added to the resin and mixed for 6h. The resin was then thoroughly washed using 

dimethylformamide (DMF), methanol (MeOH), and dichloromethane (DCM) (3 DMF x 1 

MeOH x 1 DMF x 3 MeOH x 1 DCM x 1 MeOH x 3 DCM; 4 to 5 mL each). A capping 

solution of DCM (9 mL), MeOH (1 mL), and diisopropylethylamine (0.5 mL, 2.8 mmol) 

was used to ensure all remaining reactive sites were inactive for the remainder of the 

synthesis. The capping solution was mixed with the resin for 1h. The capping solution 

was disposed of and the resin was washed using the wash sequence. The next coupling 

step was the addition of Fmoc-ethylene diamine to resin. The coupling cocktail composed 

of Fmoc-ethylene diamine (143 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. Fmoc-protected amine of the ethylene 

diamine was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The 

deprotection solution was properly disposed of and the resin was thoroughly washed 

using. The next coupling reaction was the formation of a peptide bond between resin and 

1’-Fmoc-amino-ferrocene carboxylic acid.  The coupling cocktail was composed of 1’-

Fmoc-amino-ferrocene carboxylic acid (210 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 
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mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This cocktail was added to the 

syringe and the reaction was allowed to mix to completion (approximately 6h). The 

coupling solution was then properly disposed of and the resin was treated with the 

washing sequence. Deprotection of the Fmoc protecting group of the ferrocene was 

achieved using 20% piperidine/DMF solution (5 mL x 20 min x 3). Upon disposal of the 

deprotection solution, the wash step was repeated. The following coupling cocktail was 

prepared using Fmoc-Asp(OtBu)-OH (185 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 

mg, 0.45 mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine 

(0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was 

added to the resin and allowed to mix for 6 hours. Upon completion, the cocktail was 

properly disposed of and the resin was washed thoroughly. Deprotection of the Fmoc 

protecting group on the aspartic acid was achieved with 20% piperidine/DMF solution (5 

mL x 20 min x 3) followed by a thorough wash of the resin. The next coupling cocktail was 

prepared using Fmoc-Val-OH (152 mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 

mmol), diisopropyl carbodiimide (0.07 mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 

0.45 mmol), and a 4:1 mixture of DCM to DMF. This coupling cocktail was added to the 

resin and mixed for 6 hours. Upon completion, the resin was washed. The Fmoc group of 

the valine amino acid was removed using a 20% piperidine/DMF solution (5 mL x 20 min 

x 3).  After deprotection, the solution was disposed of properly and washed using the 

wash sequence. The next coupling cocktail was prepared using Fmoc-Val-OH (152 mg, 

0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl carbodiimide (0.07 

mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 0.45 mmol), and a 4:1 mixture of DCM 

to DMF. This coupling cocktail was added to the resin and mixed for 6 hours. Upon 
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completion, the resin was washed. The Fmoc group of the valine amino acid was removed 

using a 20% piperidine/DMF solution (5 mL x 20 min x 3) followed by a thorough washing 

of the resin. The next coupling cocktail was prepared using Fmoc-Asp(OtBu)-OH (185 

mg, 0.45 mmol), 1-hydroxybenzotriazole (60 mg, 0.45 mmol), diisopropyl carbodiimide 

(0.07 mL, 0.45 mmol), diisopropylethylamine (0.08 mL, 0.45 mmol), and a 4:1 mixture of 

DCM to DMF. This coupling cocktail was added to the resin and mixed for 6 hours. The 

coupling cocktail was properly disposed of and the resin washed. The Fmoc protecting 

group was deprotected using 20% piperidine/DMF solution (5 mL x 20 min x 3). The 

deprotection solution was once again disposed of and the resin thoroughly washed.   The 

final step was completed by preparing a cleavage cocktail using a TFA (9.45 mL), 

deionized H2O (0.25 mL), 1,2-ethanedithiol (0.25 mL), and triisopropylsilane (0.1 mL). 

This cleavage cocktail was reacted with the resin beads for 4 hours. The solution was 

collected in an Eppendorf tube and the TFA was allowed to evaporate slowly using a 

stream of air. Once approximately 1 mL of solution remained, the product was obtained 

through precipitation using cold diethyl ether and isolated by centrifugation as a yellow 

pellet. This ether wash was repeated 2-3 times to ensure a clean product. The pellet was 

then freeze-dried on a lyophilizer, crushed evenly, and stored at 0oC.  

 

Yield (based on resin loading): 127 mg (90.2%). Elemental Analysis for 

2[C42H65FeN7O10S] •3TFA Found (calc.): C, 50.18 (49.73); H, 6.15 (6.17), N, 8.39 (9.02). 

 

4.13.2. Gold electrode preparation and immobilization set-up  
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Gold electrode preparation for immobilization studies: A 1.6 mm gold electrode was 

placed in a 6 mL vial, where the electrode surface was sticking up and available for 

cleaning. A 1 mL solution of piranha was prepared using 0.75 mL of concentrated H2SO4 

and 0.25 mL of H2O2 (30%) (BE CAREFUL). To measure both the H2SO4 and H2O2, 

graduated droppers were used (Note: droppers were purchased to withstand the strength 

of the acid). One drop of the piranha solution was placed on the gold electrode and bubble 

formation could be observed. Piranha is used to remove any organic matter that may be 

on the surface of the gold. After 5 minutes, the electrode was thoroughly washed with 

water and dried under a stream of air.  

 An electrochemical cell was filled with 5 – 10 mL of 0.5 M H2SO4. The sulfuric acid 

solution was purged under N2 for about 30 minutes. Then, the gold electrode that was 

cleaned above was placed into the cell along with a platinum working electrode and Ag 

wire reference electrode. The potential was swept from 0 mV to 1600 mV at 100 mV/s 10 

times with a current window of 1 mA to further clean the electrode surface. A prominent 

reduction should be observed. This experiment was completed as many times as it took 

until the changes in the reduction were minimized. Upon confirmation of the clean 

electrode (a steady gold reduction wave), the electrode was thoroughly rinsed with water 

and dried under a stream of air. The electrode is now ready for the analyte to be 

immobilized. 

 

Analyte immobilization (4.2 – 4.4): In preparation of the immobilization solution, the total 

concentration of the solution should be 1 mM. This concentration takes into account the 

spacer added. For 4.2, the spacer used is 6-mercaptohexanol, while 4.3 – 4.4 is 11-

mercaptoundecanol. The solvent used for immobilization was 95% ethanol. 
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 The sensor solution (4.2 – 4.4) was prepared as a stock usually with a 

concentration close to 1 mM (1 mg/mL). In addition, the spacer was prepared as a stock 

with a concentration of 4.8 mM (1 mg/mL). For example, to prepare a 0.10 mM of 4.3 

incubation solution, 50 µL of sensor was added to a microfuge tube with 94 µL of the 

spacer solution, diluted to a total volume of 500 µL (356 µL 95% ethanol). The electrode 

was placed into the microfuge tube and parafilmed tightly. The electrode was incubated 

overnight. While incubation occurs, the electrode must remain in the solution at all times. 

 After 12 – 24h, the electrode is removed from the incubation solution and 

thoroughly washed with 95% ethanol followed by water. The electrode surface is then 

dried by a stream of air and ready for cyclic voltammetry. 

 

4.13.3. Caspase-3 stock preparation and assay to evaluate specific activity 

Caspase-3 buffer (+DTT): Caspase-3 buffer was prepared under the conditions 

recommended by the enzyme company. HEPES (5.9 g), CHAPS (1 g), and DTT (1.5 g) 

were dissolved in 500 mL of doubly distilled water. The pH was adjusted to 7.5 (0.5 M 

NaOH) and then further diluted to 1L. This solution was used for the remainder of the 

experiments. 

 

Caspase-3 buffer (-DTT): Caspase-3 buffer was prepared under the conditions 

recommended by the enzyme company. HEPES (2.9 g) and CHAPS (0.5 g) were 

dissolved in 300 mL of doubly distilled water. The pH was adjusted to 7.5 (0.5 M NaOH) 

and then further diluted to 500 mL. This solution was used for additional controls.  
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AFC for standard curve: 1.4 mg of AFC (7-amino-4-(trifluoromethyl)courmain) was 

dissolved in 10 mL of DMSO. Aliquots were prepared in 200 µL volumes at 0.61 mM 

concentrations and stored at -80 oC in Dr. Ryu’s laboratory.  

 

Ac-DEVD-AFC: 1 mg of Ac-DEVD-AFC purchased from Enzo was dissolved in 3 mL 

DMSO. Aliquots were prepared in 200 µL volumes at 0.45 mM concentrations and stored 

at -80 oC in Dr. Ryu’s laboratory. 

 

Caspase-3 enzyme: 10 µg of caspase-3 purchased from R&D Systems (#707-C3-010) 

was dissolved in 12.5 mL of caspase-3 buffer. Aliquots were prepared in 500 µL volumes 

at 0.8 ng/µL concentrations and stored at -80 oC in Dr. Ryu’s laboratory.  

 

Standard curve to obtain the conversion factor for specific activity: A fluorescence assay 

was completed to find the conversion factor needed to calculate the specific activity of 

caspase-3 enzyme. The standard curve was completed using AFC previously prepared 

as a stock and stored at -80 oC. One aliquot of AFC was thawed to room temperature. 

120 µL of AFC solution was added to 5.8 mL of caspase-3 buffer. To a 96-well plate 

(which has been aligned under instrument parameters), each column (8 wells) was 

prepared using the same concentrations of AFC (pmol). The background was completed 

using 200 µL of caspase-3 buffer (column 1). Concentrations used were 247 pmol – 2229 

pmol of AFC. Instrument set-up included excitation at 420 nm and emission at 488 nm. 

Ex and Em slit were set to 5 nm. Em/Ex filter was set to Auto and the voltage was kept 

constant at 600V. Plotting pmol versus RFU provides the slope with good linearity at 0.99.   
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Caspase-3 activity assay: To calculate the Vmax for the calculating the specific activity of 

caspase-3, a fluorescence assay was completed used a D-E-V-D-AFC fluorophore with 

caspase-3. One Ac-D-E-V-D-AFC aliquot was removed from the freezer and thawed to 

room temperature. One aliquot of caspase-3 enzyme was removed from the freezer and 

thawed to room temperature. The Ac-D-E-V-D-AFC was diluted to 900 µL using caspase-

3 buffer. The caspase-3 enzyme was diluted to 0.4 ng/µL by adding 500 µL of caspase-3 

buffer. To a 96 well plate using the same instrument parameters noted in the standard 

curve experiment, 100 µL of Ac-D-E-V-D-AFC was added to the well with 100 µL of 

caspase-3 buffer. Fluorescence was measured every 30 s over 5 minutes. Plotting the 

fluorescence versus time (minutes), the Vmax can be obtained from the slope.  

 

4.13.4. Cyclic voltammetry experiments 

Solution studies: 1 mL of 1X PBS was placed into a small jacketed electrochemical cell 

(temperature at 25 oC) and purged under N2 for at least 30 minutes. A three-electrode 

set-up was used with a gold working electrode, platinum auxiliary electrode, and Ag/AgCl 

reference electrode. A background scan was completed from 0 to 800 mV at 100 mV/s 

with a current window of 100 µA. Upon confirmation of a clean background (a larger 

window can be used to show no O2 signal in negative potentials), the analyte (4.1 – 4.4) 

was added to the cell in concentrations of 1 mg per mL. Scans were completed at 500 

mV/s – 20 mV/s from 0 to 800 mV polishing the electrode in between (Note: the electrode 

used for these experiments was the communal gold electrode, which can be polished with 

alumina). Multi-sweep experiments (10 sweeps) were also completed from 0 to 800 mV 

at 500 mV/s and 100 mV/s to evaluate changes to the current output over time. Data 

obtained was collected from the instrument unless otherwise noted. 
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Cyclic voltammetry with caspase-3: 1 mL of 1X PBS was placed in a jacketed 

electrochemical cell and purged under N2 for at least 30 minutes. A three-electrode set-

up was used consisting of a modified gold electrode, platinum auxiliary electrode, and 

Ag/AgCl reference electrode. A background scan was completed with an unmodified 

electrode from 0 to 800 mV at 100 mV/s with a current window of 100 µA (repeated with 

a current window of 10 µA). Upon observation of a clean background, the modified 

electrode was added, and a scan completed from 0 to 800 mV at 500 mV/s and current 

window of 10 µA. This was repeated two more times to ensure a steady signal. Then, 

caspase-3 was added and scans were completed every 60 s at 500 mV/s 10 times (using 

the multi-run setting).  

 

4.13.5. Experimental acknowledgments:  

Thankful for Dr. Ryu for letting us have access to the -80 oC freezers for sample 

storage. I would also like to thank Dr. Olaf Rüdiger for the continuous help in experimental 

design and the training. I would also like to thank Sean Rodich for providing the foundation 

for this work.  
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CHAPTER 5: DOTA-based Eu3+/2+ contrast agents: Accessing complex stability using 

electrochemical methods  

 

5.1.1. Eu3+/2+ as a bimodal imaging agent 

 An attractive feature of Eu complexes as contrast agents for MRI is that the mode 

of contrast enhancement generated by these complexes depends on the oxidation state 

of the metal ion. Specifically, Eu2+-containing complexes are efficient T1-relaxation agents 

that can be converted, upon oxidation, into PARACEST agents, provided the Eu3+-

containing complex resulting from oxidation of Eu2+ has exchangeable protons or bound 

water characteristics favorable for PARACEST.229-230 The ligand coordinating the Eu3+/2+ 

ion plays an important role in tuning the exchange characteristics that are critical for 

imaging in addition to influencing the oxidative stability of Eu2+. Cryptand-type ligands 

stabilize the Eu2+-oxidation state and enable fast water exchange for efficient shortening 

of the bulk water T1.83 This ligand system permits the differentiation of oxygen-poor from 

oxygen-rich environments in vivo,229 including the ability to distinguish necrotic from non-

necrotic tumor tissue.231 However, with rapidly exchanging coordinated water and no 

exchangeable protons on the macrocyclic ligand, discrete cryptates of Eu, outside of 

liposomes,232 are not effective at influencing PARACEST compared to Eu complexes that 

contain exchangeable protons. 

 Accordingly, there is growing precedent for the use of Eu3+/2+-cyclen-based-

(tetraamide) derivatives as oxygen-sensitive MRI contrast agents in which one form of 

contrast (T1, +2 oxidation state of Eu) is turned off in response to O2, while the other form 

(PARACEST, +3 oxidation state of Eu) is turned on simultaneously. This dual contrast 

feature makes the Eu3+/2+ redox couple promising in the design of responsive O2 sensors 
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for MRI. Cyclic voltammetry has been traditionally used to evaluate the oxidative stability 

of Eu2+-containing complexes.82, 84-87 The Eu3+/2+-redox couple in water has been reported 

to be chemically reversible or quasi-reversible depending upon the electrochemical 

parameters.84, 233 The redox potential of the Eu3+/2+ redox couple plays an important role 

in the design of Eu3+/2+-based redox-responsive probes. Ideally, the Eu3+/2+ redox couple 

should favor the +3-oxidation state in normoxic tissues, and the +2 oxidation state should 

be stable only in hypoxic tissues. Hypoxic tissues are usually a symptom of disease (i.e. 

ischemia and tumor metastasis) as a result of changes in oxygen homeostasis.234 

Activation of the T1 active contrast of the bimodal Eu-agent allows for quick visualization 

and assessment of disease states in diagnostic imaging.     

 The redox potentials of the Eu2+ ion in complexes with various ligand systems have 

been reported including cryptands,85 polyoxodiaza cryptands,81 a Eu-encrypted Preyssler 

anion,235-236 macrocyclic polyaminopolycarboxylates,82 polyazacryptands,89 and linear 

polyaminopolycarboxylate-type ligands.237 With the exception of cryptates and the Eu-

encrypted Preyssler anion, the resulting complexes of macrocyclic and linear ligands 

result in negative redox potentials relative to the Eu3+/2+ aqua ion (–585 mV versus 

Ag/AgCl).81 The ability to fine tune the Eu3+/2+-redox couple within a coordination 

environment suitable for T1 enhancement and PARACEST contrast would be valuable in 

the rational design of new redox-responsive contrast agents that use the Eu3+/2+-redox 

switch.  

 

5.1.2. Assessing the Eu3+/2+ stability in DOTA ligands 

 A series of Eu-DOTA ligands were synthesized by members of the Kovac’s group 

at UTSW Advanced Imaging Research Center. The library was evaluated for stability by 
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using electrochemical techniques in collaboration with UTSW and Wayne State (Allen 

research group), 

 The success of translational therapies and diagnostic agents is dependent on 

compound stability in vivo. Cyclic voltammetry provides a route to observe the redox 

potential of a given complex under simulated conditions. For metal-ligand complexes 

such as Eu-complexes, assessing the potentials at which the Eu metal ion exists is 

essential in understanding and accessing the bimodal activity as T1 and PARACEST 

agents. As such, each complex was studied under various conditions including changes 

in working electrode as well as analyte concentration and pH. 

 

5.2. Library of Eu contrast agents (5.1 – 5.5) 

 A library of DOTA-based ligands (5.1 – 5.5, Figure 5.1) were synthesized and 

complexed with EuCl3 (Eu5.1 – Eu5.5).92, 100-101 The small library consists of ligands with 

varying number of glycine pendant arms covalently attached to the DOTA backbone. As 

Eu2+ is a softer metal ion, the introduction of glycine arms gives rise to softer donors to 

coordinate to the metal center. The library was electrochemically evaluated to 

characterize the effect of the varying number of glycinamide and acetate pendant arms 

on the Eu3+/2+ redox couple.100, 238 
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Figure 5.1. Library of ligands electrochemically evaluated. Complexed ligands are denoted as 
Eu# and were also electrochemically evaluated.  

 

5.3. Electrochemical evaluation of Eu5.1 – Eu5.5 (20 mM analyte) 

 The redox potential of each Eu-complex was evaluated using cyclic voltammetry 

as a means to understand the redox stability of the metal center within the ligand scaffold. 

A three-electrode set-up was used consisting of a gold working electrode, platinum 

auxiliary electrode, and Ag/AgCl reference electrode. All experiments were completed in 

water (pH 7.0) with 1 M KCl as the supporting electrolyte unless otherwise denoted. A 

gold working electrode was chosen to access a large cathodic window (–200 to –1500 

mV) and EuCl3 (aq) was used to compare the experimental values from this work with 

reported values of the Eu3+/2+ redox couple. Diffusion control studies for all complexes 

were also performed. Table 5.1 provides an overview of the electrochemical data 

collected for EuCl3 and complexes Eu5.1, Eu5.2, Eu5.3, Eu5.4, and Eu5.5 at different 

scan rates (Figure 5.2). Plots of the Ipc and Ipa versus the square root of the scan rate 

(v1/2) indicate that the Eu3+/2+ couple in complexes Eu5.1 – Eu5.3 is diffusion controlled 

and quasi-reversible under the conditions used in the electrochemistry experiments120  
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Table 5.1. Electrochemical data for EuCl3 and Eu5.1 – Eu5.5 (20 mM) in aqueous solution, pH 
7.0, using a gold working electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode 
at 100 mV/s. 

 EuCl3 Eu5.1 Eu5.2 Eu5.3 Eu5.4 Eu5.5 

E1/2 (mV) -637 * -1111 -1068 -971 -956 

∆E (mV) 89 * 105 70 78 87 

Ipa/Ipc 0.9 * 1.6 1.3 0.7 0.4 

* Only one measurable oxidation was observed for Eu5.1.   

 

Figure 5.2. Cyclic voltammograms of Eu5.1 – Eu5.5 at pH 7.0 measured at 100 mV/s. 
(Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 20 mM analyte, 1 M KCl in water) 

 

 As a basis of comparison, we measured the redox couple of the Eu3+/2+ aqua ion 

and observed a redox couple centered at –637 mV (versus Ag/AgCl, 100 mV/s). This E1/2 
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is experimentally close to the reported value (–585 mV versus Ag/AgCl) as experimental 

conditions have changed.81, 239 Additionally, the observed Eu3+/2+ redox event was found 

to be relatively diffusion controlled as well as chemically reversible through a one-electron 

transfer (Figure 5.3 and Table 5.2). A one-electron transfer was confirmed by completing 

forward and reverse scans, which showed only one oxidation and reduction event that 

were dependent on one another.  Ligands change the redox properties of Eu ions, and 

the redox behavior of Eu5.1 has been reported using a different working electrode (glassy 

carbon micro electrode).239 Therefore, Eu5.1 was evaluated using the experimental 

conditions maintained throughout this study to enable comparison with the reported 

results. Despite overlap of the reduction wave with the aqueous solvent window, an 

oxidation event was observed at –1101 mV versus Ag/AgCl for Eu5.1 (Figure 5.4 and 

Table 5.3), similar to the previously reported value of (–1135 mV versus Ag/AgCl).239  
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Figure 5.3. Cyclic voltammogram of EuCl3 (20 mM) at varying scan rates. Inset includes diffusion-
controlled data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, 
Ag/AgCl reference electrode, 1 M KCl in water) 

 

Table 5.2. Electrochemical data for EuCl3 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 –637 89 0.9 

300 –638 103 0.9 

500 –637 111 0.9 
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Figure 5.4. Cyclic voltammogram of Eu5.1 (20 mM) at pH 7.0. Inset includes diffusion-controlled 
data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 1 M KCl in water) 

 

Table 5.3. Electrochemical data for Eu5.1 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s Epa (mV) Ipa (µA) 

100 –1077 6.6 

300 –1085 6.9 

500 –1101 6.7 
 

 

 The cyclic voltammogram of Eu5.4, containing four glycinamide pendant arms, 

revealed a redox couple centered at –971 mV versus Ag/AgCl (Table 5.1, Table 5.4, 
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complex (–903 mV versus Ag/AgCl, glassy carbon working electrode, pH 7).229 The more 

positive midpoint potential of Eu5.4 indicates that the amide-rich coordination 

environment thermodynamically favors divalent Eu relative to Eu5.1 (Figure 5.2). 

However, the redox potential measured for Eu5.4 is negatively shifted by 334 mV relative 

to the aqua ion.  

 

 

Figure 5.5. Cyclic voltammogram of Eu5.4 (20 mM) at pH 7.0. Inset includes diffusion-controlled 
data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 1 M KCl in water) 
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Table 5.4. Electrochemical data for Eu5.4 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 –971 78 0.7 

300 –971 88 1.4 

500 –973 85 1.5 
 

 

 Midpoint potentials of –1110 and –1068 mV were measured for Eu5.2 and Eu5.3 

versus Ag/AgCl (scan rate 100 mV/s, Figures 5.6 and 5.7, Table 5.5 and Table 5.6). The 

midpoint potentials of Eu5.2 and Eu5.3, having both glycinamide and acetate pendant 

arms, fall between the midpoint potentials of complexes bearing purely acetate, Eu5.1, or 

purely glycinamide, Eu5.4, pendant arms. These results indicate that sequential 

substitution of a negatively charged carboxylate with a neutral amide donor group on a 

cyclen scaffold increases the oxidative stability of Eu2+. The more positive redox potential 

of the amide-containing complexes compared with Eu5.1 likely reflect the increased 

stability resulting from the interaction between the relatively soft amide oxygen donor 

atoms with the relatively soft Eu2+ ion.  
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Figure 5.6. Cyclic voltammogram of Eu5.2 (20 mM) at pH 7.0. Inset includes diffusion-controlled 
data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 1 M KCl in water) 

 

Table 5.5. Electrochemical data for Eu5.2 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 –1111 105 1.6 

300 –1107 79 1.2 

500 –1104 103 1.5 
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Figure 5.7. Cyclic voltammogram of Eu5.3 (20 mM) at pH 7.0. Inset includes diffusion-controlled 
data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 1 M KCl in water) 

 

 

Table 5.6. Electrochemical data for Eu5.3 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 –1068.0 70.0 1.3 

300 –1065.5 69.0 1.1 

500 –1069.5 73.0 1.0 
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a 42 mV decrease in midpoint potential per glycinamide replaced by acetate was 

observed, which demonstrates the possibility of fine-tuned control over the Eu3+/2+ redox 

couple. For comparison, an analogous effect was observed for Eu2+-containing 

complexes of functionalized 1,10-diaza-18-crown-6 ligands in which negatively charged 

picolinate sidearms were replaced with neutral picolinamide groups.81 Interestingly, 

replacement of the four carboxylates with amides in our macrocyclic complexes shows 

smaller shifts (~42 mV per substitution) than the picolinate system (~150 mV per 

substitution) with only two possible positions for pendant arm substitution. This difference 

is likely due to a variety of structural and electronic differences between the two series of 

molecules. Regardless of these differences, the overall trends are similar. 

 

 

 

 Further modification of the ligand 5.4 scaffold was completed to investigate 

additional changes to the redox potential.  The addition of donating methyl groups on the 
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acetoamide arms (5.5) enhances the overall donating ability of the ligand to the metal 

center to support the Eu2+ oxidation state (Figure 5.9 and Table 5.7). A shift in the halfway 

potential to 16 mV more positive for Eu5.5 was measured as compared to Eu5.4 is 

observed.  

 

 

Figure 5.9. Cyclic voltammogram of Eu5.5 (20 mM) at pH 7.0. Inset includes diffusion-controlled 
data. (Experimental conditions: gold working electrode, platinum auxiliary electrode, Ag/AgCl 
reference electrode, 1 M KCl in water) 

 

Table 5.7. Electrochemical data for Eu5.5 (20 mM) at pH 7.0 using a gold working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 

mV/s E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 –956 87 0.5 

300 –956 101 0.5 

500 –955 103 0.4 
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5.4. Non-innocent redox activity of glycinate ligands 

 In many metal complexes, the role of the ligand is to stabilize and tune the redox 

potential of the metal ion. However, some ligands themselves are redox active or interact 

with the electrode surface within the experimental setup.240-243 While studying the redox 

activity of Eu5.1 and the glycinate congeners (Eu5.2, Eu5.3, and Eu5.4), using cyclic 

voltammetry methods, it was observed that the glycinate ligand of cyclen was non-

innocent in nature under the experimental conditions used including 1 mM analyte. The 

following discussion will focus on the methods and analysis used to understand this 

behavior comparing the ligand and complex set including 5.1, 5.4, Eu5.1, Eu5.2, Eu5.3, 

and Eu5.4. 

 The redox behavior of Eu5.4 was explored at pH values of 3.5, 4.0, and 7.0 due to 

the known pH sensitivity of the ligand backbone.98, 244-245 A three-electrode setup was 

used consisting of a glassy carbon working electrode, Ag/AgCl reference electrode, and 

platinum wire auxiliary electrode in KCl (aq) solution.  Using this experimental set-up and 

a pH of 3.5, one reduction event is observed at -1188 mV (versus Ag/AgCl, 100 mV/s) 

upon addition of the working electrode to a nitrogen purged solution of Eu5.4 (1 mM) and 

KCl (1 M). The scan window of 0.0 to -1.5 V was based on the solvent window of the 

experimental conditions. When the electrode setup remains in contact with the analyte 

solution and under a nitrogen purge, changes to the cyclic voltammograms are observed 

over time (Figure 5.10). Two consecutive reductions are measured at -845 mV and -1038 

mV (versus Ag/AgCl, 100 mV/s). The corresponding data is outlined in Table 5.8. An 

increase in scan rate results in a shift of the observed reduction events to more negative 

potentials with the resolution of each reduction wave becoming less defined (Figure 5.11). 

This behavior is congruent with a slow electron transfer process associated with reducing 
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the Eu metal center from the +3 to +2 oxidation state. The two reduction events observed 

suggest two independent species, most likely due to destabilization of the metal ion from 

the complex itself as a result of the acidic pH. This hypothesis is supported by the pK 

values known for the ligand, 5.4.246 At a pH of 4.0, only a single reduction is measured 

for the Eu5.4 complex at -729 mV (versus Ag/AgCl, 100 mV/s), which shifts to more 

negative values over time (20 min, -1062 mV versus Ag/AgCl, 100 mV/s, Figure 5.12). 

The presence of an oxidation event begins to appear at -833 mV (versus Ag/AgCl) after 

15 minutes of the electrode setup being in contact with the analyte solution. Finally, at a 

pH of 7.0, both a reduction (-1014 mV versus Ag/AgCl, 20 min, 100 mV/s) and oxidation 

wave (-931 mV versus Ag/AgCl, 20 min, 100 mV/s) are observed for the Eu5.4 complex 

(Figure 5.13). The ΔE of the coupled potentials decreases by 62 mV after 20 minutes. A 

comparison of the changes in redox potential measured for Eu5.4 over the 20-minute 

window of interrogation at pH values of both 3.5 and 7.0 is shown in Figure 5.14.A. The 

shift in the position of the redox events indicates that the changes in potential are more 

drastic at more acidic pH values. A plot of the square root of the scan rate (v1/2) versus 

the reduction current (I) (Figure 5.15) did support a diffusion-controlled process at a pH 

of 7.0. However, the overall depletion of the current overtime (before polishing the 

electrode) suggested that the complex was interacting with the electrode surface as the 

electrode remained in solution between scans over the course of the 20-minute period. 
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Figure 5.10. Cyclic voltammogram overlay of Eu5.4 (1 mM) measured over the course of 20 
minutes at a pH 3.5. (Experimental conditions: glassy carbon working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 1 M KCl in water, 100 mV/s) 

 

Table 5.8. Electrochemical data for Eu5.4 measured over 20 minutes at a pH 3.5 (100 mV/s) 
using a glassy carbon working electrode, platinum auxiliary electrode, and Ag/AgCl reference 
electrode. 
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Figure 5.11. Cyclic voltammogram overlay of Eu5.4 (1 mM) measured over the course of 20 
minutes at a pH 3.5 (Experimental conditions: glassy carbon working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 1 M KCl in water, 500 mV/s) 

 

Figure 5.12. Cyclic voltammogram overlay of Eu5.4 (1 mM) measured over the course of 20 
minutes at a pH 4.0 (Experimental conditions: glassy carbon working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 1 M KCl in water, 100 mV/s) 
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Figure 5.13. Cyclic voltammogram overlay of Eu5.4 (1 mM) measured over the course of 20 
minutes at a pH 7.0 (Experimental conditions: glassy carbon working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 1 M KCl in water, 100 mV/s) 

 

Table 5.9. Electrochemical data for Eu5.4 at pH 7.0 with a scan rate of 100 mV/s using a glassy 
carbon working electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode. 

Time 
(min) Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

0 -884 -1029 4.0284 7.1901 -966 145 0.5603 
5 -927 -1020 6.3691 8.4718 -974 93 0.7518 
10 -926 -1019 7.1412 8.6946 -973 93 0.8213 
15 -931 -1014 6.3325 8.4382 -973 83 0.7505 
20 -884 -1029 4.0284 7.1901 -966 145 0.5603 
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Figure 5.14. (A) Plot of the shifts in potential over time for Eu5.4 at pH values 3.5 and 7.0. (B) 
Plot of the shifts in potential over time for 5.4 at pH 3.5 and 4.0*. (* At pH 4.0, reductions only 
observed on initial sweeps.  

 

 

Figure 5.15. Current versus v1/2 for Eu5.4 at pH 7.0 using a glassy carbon working electrode, 
platinum auxiliary electrode, and Ag/AgCl reference electrode. 
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 To further investigate the hypothesis that the Eu5.4 complex formed an interaction 

with the electrode surface, cyclic voltammetry experiments at pH values of 3.5, 4.0, and 

7.0 were carried out using 5.4 with no metal ion present (Figure 5.16). At a pH of 3.5, a 

reduction event was observed at -1304 mV (versus Ag/AgCl, 100 mV/s). Overtime, the 

reduction shifted to a more positive potential, -1023 mV (versus Ag/AgCl, 100 mV/s, 

Figure 5.17.A). The position of this redox activity paralleled the second, more negative, 

reduction event observed for the Eu5.4 complex at pH 3.5. The corresponding current 

decreased over the 20-minute period presumably due to the ligand interacting with the 

electrode based on the results described above (Figure 5.14.B, Table 5.10). This was 

confirmed by polishing the electrode after the 20-minute increment, resulting in 

reconstitution of the original signal first observed at minute 0. This behavior was also 

observed at a pH of 4.0. However, the reduction only occurred during the initial sweep 

and was no longer present in the consecutive sweeps that occurred within a multi-scan 

sequence (Figure 5.17.B). A reduction event at more positive potential (-1363 to -947 mV 

versus Ag/AgCl, 100 mV/s) was repeatedly obtained upon stirring the solution under 

nitrogen between multi-scan experiments carried out over a 20-minute time interval. A 

plot of the shifts in potential over time showed a drastic shift (> 250 mV) to more positive 

potentials, which plateaued after approximately 10 minutes (Figure 5.14.B). At a pH of 

7.0, no reduction or oxidative activity was observed. Altogether, these experiments show 

that 5.4 is redox active, or non-innocent in nature, and that the ligand interacts with the 

glassy carbon electrode surface.  
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Figure 5.16. Cyclic voltammogram overlay of 5.4 (1 mM) at pH values of 3.5, 4.0, and 7.0 scanned 
at 100 mV/s. (Experimental conditions: glassy carbon working electrode, platinum auxiliary 
electrode, Ag/AgCl reference electrode, 1 M KCl in water) 

 

 

Figure 5.17. (A) Cyclic voltammogram overlay of 5.4 (1 mM) scanned at 100 mV/s over the course 
of 20 minutes at pH 3.5. (B) Cyclic voltammogram overlay of 5.4 (1 mM) at 100 mV/s over the 
course of 20 minutes at pH 4.0. (Experimental conditions: glassy carbon working electrode, 
platinum auxiliary electrode, Ag/AgCl reference electrode, 1 M KCl in water) 
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Table 5.10. Electrochemical data measured for 5.4 compared at a pH 3.5 and 4.0 using a glassy 
carbon working electrode, platinum auxiliary electrode, and Ag/AgCl reference electrode. (*At pH 
4.0, reduction only visualized on the initial sweep.) 

pH Time (min) 0 5 10 15 20 

3.5 
Epc (mV) -1304 -1080 -1050 -1035 -1023 

Ipc (µA) 11.2276 10.8888 10.2419 8.6275 7.3335 

4.0* 
Epc (mV) -1363 -955 -956 -951 -947 

Ipc (µA) 0.2594 6.1707 8.6732 8.1849 8.8716 

 

 To understand the unexpected redox behavior observed with 5.4, cyclic 

voltammetry experiments were completed using 5.1, which contain acetate arms in place 

of glycinate. The results of these studies showed no redox behavior at pH 7.0 (Figure 

5.18). These results indicate that the activity observed with 5.4 is not due to the 

macrocyclic backbone but the presence of the glycine pendant arms. The redox activity 

observed with 5.4 shows that the activity of Eu5.4 is not simply a result of the Eu3+/2+ 

couple at pH 3.5 and 4. As an additional comparison, cyclic voltammetry experiments 

were carried out for the Eu3+-complexes containing mixed pendant arms with different 

degrees of glycine and acetate substitution. Specifically, the complexes investigated were 

Eu5.2 and Eu5.3 for comparison to 5.4 (Figure 5.1) as well as 5.1, which has been 

previously reported in the literature.100, 239 
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Figure 5.18. Cyclic voltammogram of 5.1 (1 mM) scanned at 100 mV/s at pH 7.0. (Experimental 
conditions: glassy carbon working electrode, platinum auxiliary electrode, Ag/AgCl reference 
electrode, 1 M KCl in water) 

 

 Ligand 5.2 is the mono-substituted derivative of 5.1, while the 5.3 is the di-

substituted glycine congener (Figure 5.1). The cyclic voltammetry measurements of 
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reduction event that shifts with changes to pH and time, similar to that of Eu5.4 described 

above. For all complexes, shifts in potential were observed as well as an increase in the 

current output over the 20-minute time interval of the experiment. This is consistent with 

the glycine arms of the ligand complex interacting with the electrode surface, thus 

resulting in an increase in current output associated with the close proximity of the Eu 

center to the electrode surface. For comparison, cyclic voltammetry on the glycinate-free 

Eu5.1 complex has been studied and reported in the literature; the E1/2 value of the Eu3+/2+ 

couple was reported at -1135 mV (versus Ag/AgCl).239 The chelation of the Eu metal by 
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our experimental conditions, EuCl3 was found to have an E1/2 value of -624 mV (versus 

Ag/AgCl, 100 mV/s), which is comparable to that reported in literature (-585 mV versus 

Ag/AgCl).239 

 

Figure 5.19. (A) Cyclic voltammogram overlay of Eu5.2 (1 mM) scanned at 100 mV/s over the 
course of 20 minutes at pH 3.5. (B) Cyclic voltammogram overlay of Eu5.2 (1 mM) scanned at 
100 mV/s over the course of 20 minutes at pH 4.0.  (Experimental conditions: glassy carbon 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 M KCl in water)  

 

Figure 5.20. (A) Cyclic voltammogram overlay of Eu5.3 (1 mM) scanned at 100 mV/s over the 
course of 20 minutes at pH 3.5. (B) Cyclic voltammogram overlay of Eu5.3 (1 mM) scanned at 
100 mV/s over the course of 20 minutes at pH 4.0. (Experimental conditions: glassy carbon 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 M KCl in water) 
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 As shown in Figure 5.21, the addition of four glycinate pendant arms results in a 

shift to more positive potentials as well as an increase in current output that equilibrates 

after 5 min. Moreover, the time at which the shifts in potential occur increase with 

increasing number of glycinate arms. This trend is observed for Eu5.2 and Eu5.3; 

however, the degree to which the shifts occur are much smaller but consistent with the 

decreasing number of glycine pendant arms present. Additionally, as a heterogeneous 

system, the analyte is dependent on diffusion to reach the electrode surface. Although 

analysis of the cyclic voltammograms of each complex at different scan rates was not 

consistent with a diffusion-controlled process with the exception of Eu5.4, current output 

and shifts in potential correlate to the compound moving towards the electrode surface 

and interacting slowly over time. 

 

Figure 5.21.  Comparison of glycine-containing complexes (Eu5.2, Eu5.3, Eu5.4) and 5.4. (A) 
Plot of the potential (mV) shifts over time (minutes) at pH 3.5 scanning at a rate of 100 mV/s. (B) 
Plot of the current output (μA) shifts over time (minutes) at pH 3.5 scanning at a rate of 100 mV/s. 
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5.5. Crystallographic analysis of Eu5.4 

 Lanthanide-based complexes can be more challenging to obtain materials suitable 

for solid-state determination of the structure. However, crystalline material suitable for X-

ray diffraction analysis were obtained by slow evaporation of an aqueous solution of 

Eu5.4 at room temperature. Analysis of the sample resulted in the structure shown in 

Figure 5.22. 

 

Figure 5.22. Asymmetric unit of Eu5.4.  

 

 The asymmetric unit of Eu5.4 shows the expected 8-coordinate ligand system with 

four N atoms from the cyclen ring bound and four O-atoms from the amide bond 

interacting with the Eu3+ ion. The ninth coordination site of lanthanide complexes is 

typically occupied by inner-coordination sphere water.74, 82, 97, 239 However, upon 

symmetry generation, the ninth coordination site of Eu5.4 is occupied by a neighboring 

O-atom from the carboxylic acid group on one of the pendant arms (Figure 5.23). This 

packing arrangement is indeed unusual but not unprecedented and was proposed by 
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Tóth and co-workers for a Eu2+(ODDA) complex in addition to a similar arrangement being 

observed for Sr(ODDA).82, 239, 247 

 

 

Figure 5.23. Symmetry generation of Eu5.4 with the ninth coordination site occupied by 
neighboring O-atom. 

 

 With the addition of the glycinate pendant arms, the bond lengths observed 

between the O-atoms and the Eu metal center have decreased in comparison with a 

typical DOTA (5.1) scaffold. For Eu-DOTA complexes reported previously, the Eu - O 

carboxylate bond length was larger, 2.58 – 2.62 Å.239, 248 However, the Eu-O carboxylate 

bond length measured to be closer to 2.380 Å, which is comparable to lengths obtained 

for GdDOTA species249-250 (2.366 Å) as well as an Yb(DOTAtetraacetoamide) complex251 

(2.301 Å) and EuDOTAGlyOEt4 (2.380 Å).252 This decrease in bond length is most likely 

a result of increased flexibility within the pendant arms. The mean Eu-N bond lengths 

measured (2.682 Å) are consistent with other lanthanide based DOTA complexes (Table 

5.11).  
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Table 5.11. Comparison of the mean bond lengths measured for DOTA derivatives and Eu5.4. 

Complex M-Ocarboxylate M-N M-Owater Ref 
S[GdDOTA•H2O]- 2.366 2.663 2.458 53 - 54 
S[EuDOTA•H2O]- 2.379 2.709 2.480 52 
[YbDOTA 
tetraacetoamide•H2O]3+ 

2.301 2.608 2.335 55 

S[Eu5.4]3- 2.380 2.682 2.365* This work 
S[EuDOTAGlyOEt4]3+ 2.335 2.627 2.414 56 

* M-Owater coordination actually occupied by the O atom from carboxylic acid of neighboring 
complex. 
S Square Antiprism geometry. 
 

 Additionally, the crystal structure of Eu5.4 complex adopts a square antiprism 

geometry (SAP), which is consistent with 1H NMR characterization of the complex. The 

angles observed in this complex (Table A4.5) are comparable to angles for GdDOTA and 

EuDOTA previously published that also adopt a SAP geometry.250 In addition, the N4/O4 

twist angle was measured to be 38.2o which is consistent with the 39o twist angle that 

defines the SAP geometry.75 The SAP geometry is reported to provide slower water 

exchange rates that are ideal for PARACEST imaging methods.252-253 The independent 

planes formed by the N atoms of the cyclen ring and the coordinating O-atoms of the 

ligand arms are co-planar and separated by 2.320 Å, which is also consistent with other 

SAP structures in the literature.252-253 The Eu-ion contained within Eu5.4 is only 0.667 Å 

from the O4 plane (Figure 5.24). This distance is slightly shorter than that reported (0.778 

Å) for the EuDOTAGlyOEt4 congener.252 The result of the short distance between the Eu 

ion and the O4 plane is a slightly lengthened distance (1.653Å) between the Eu and the 

N4 cyclen plane. 
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Figure 5.24. (A) Parameters of interest for Eu5.4 related to the Eu3+ coordination sphere. (B) 
Eu5.4 structure oriented to visualize the N4/O4 twist angle of 28.2o. 

 

5.6. Conclusions 

 Eu3+/2+ is an important lanthanide alternative to Gd3+ to investigate for diagnostic 

imaging, specifically as a T1 agent and PARACEST agent. Despite the characterization 

of the complexes to date, an intensive electrochemical analysis focusing on the ligand 

environment by cyclic voltammetry had not been completed. Eu5.1 – Eu5.5 were 

investigated to look at the effects of the addition of a glycine to the pendant arms. The 

shifts observed in the redox potentials for the series of complexes indicate that sequential 

substitution of amide for carboxylate donor groups in the Eu complexes leads to increased 

oxidative stability of the +2 oxidation state. Among the complexes studied, europium 

tetraglycinate complex with methyl groups, Eu5.5 was found to have the most positive 

redox potential and, therefore, the highest oxidative stability More importantly, under 

typical electrochemical parameters (1 mM analyte), 5.4 was shown to be non-innocent in 

nature. Additionally, the position of the redox activity associated with the glycinated-

ligands and the corresponding complexes was both pH sensitive as well as time 

dependent.  

A B
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 A solid-state structure was obtained for Eu5.4 showing a unique solid-state dimeric 

arrangement of the complex. The site traditionally occupied by water for diagnostic 

purposes was occupied instead by an O-atom of a neighboring complex within the crystal 

lattice. Bond lengths observed are within the typical limits of known Eu complexes. 

However, large overlaps are observed for bond lengths associated with GdDOTA and 

EuDOTAGlyOEt4. The results obtained both electrochemically and crystallographically 

show the impact of the ligand environment on changes to the Eu3+ ion.  

 

5.7. Experimental (methods and materials) 

Synthesis of Eu5.1 – Eu5.5: All syntheses and characterizations were completed at 

UTSW AIRC by the Kovac’s group.92, 100-101 

 

Electrochemical evaluation of Eu5.1 – Eu5.5 (20 mM analyte):  Cyclic voltammograms 

were obtained in a nitrogen atmosphere at 22 oC using a BASi EC Epsilon potentiostat 

equipped with a 1.6 mm gold working electrode, a platinum wire auxiliary electrode, and 

quasi silver/silver chloride reference electrode. Measurements were performed in water 

(molecular biology reagent grade, Sigma) with KCl (1 M) as the supporting electrolyte.  

 

Non-innocent redox activity of glycinate ligands (1 mM analyte): Cyclic voltammograms 

were obtained in a nitrogen atmosphere at 22 °C using a BASi EC Epsilon potentiostat 

equipped with a 3.0 mm glassy carbon working electrode, a platinum wire auxiliary 

electrode, and quasi silver/silver chloride reference electrode. Measurements were 

performed in water (molecular reagent grade purchased from Sigma) solution with 1 M 

KCl as supporting electrolyte. 
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5.7.1. Cyclic voltammetry, experimental set-up 

Electrochemical evaluation of Eu5.1 – Eu5.5 (20 mM analyte):  A stock solution of pH 7.0 

water (molecular biology reagent grade, Sigma) was used for all cyclic voltammetry 

experiments herein. A solution of KCl (10 mL, 1 M) was prepared with the pH-adjusted 

water and added to the electrochemical cell. The solution was allowed to stir and purged 

with nitrogen for at least 30 min prior to each electrochemistry experiment. The three 

electrodes (gold working electrode, platinum auxiliary electrode, Ag/AgCl reference 

electrode) were inserted into the cell setup and a background scan was recorded within 

a scan window of 0 to –1500 mV, with a scan rate of 100 mV/s, and with three sweeps 

within this window. A lack of oxygen redox signal verified that oxygen had been removed 

below detectable levels. The working electrode was removed from the cell, polished, and 

placed aside. The electrochemical cell was charged with the Eu complex in water (3 mL, 

20 mM), and the resulting solution was stirred and purged with nitrogen gas for a period 

of 15 min. The working electrode was placed into the electrochemical cell, and the stirring 

was stopped before data acquisition. The scan window remained from 0 to –1500 mV, 

scanned at a rate of 500 mV/s, completing three sweeps within this scan window. The 

scan window was then adjusted appropriately for each complex of interest starting at –

300 mV and scanned at rates of 500, 300, and 100 mV/s. 

 

Non-innocent redox activity of glycinate ligands (1 mM analyte): A stock solution of water 

was adjusted to pH 7.0 and served as the solvent for all cyclic voltammetry experiments. 

Approximately 10 mL of the pH adjusted water was added to the electrochemical cell with 

1 M KCl and allowed to stir and purge under nitrogen for at least 30 min. The three 
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electrodes were properly placed within the cell before completing the background scan. 

The background scan was completed using a scan window from 0 to -1500, scanning at 

a rate of 100 mV/s, completing three sweeps within this window. The working electrode 

was removed from the cell, polished, and placed aside while 1 mM (final concentration) 

of the compound of interest was added and stirred in solution. The solution remained 

under a nitrogen purge. The working electrode was not placed immediately back into the 

electrochemical cell and only added back to the cell immediately before the next 

experimental scan (t = 0 min). The scan window remained from 0 to -1500 mV, scanned 

at a rate of 500 mV/s, completing three sweeps within this scan window. Upon experiment 

completion, the working electrode remained in solution and the previous parameters were 

completed every 5 min for 20 min. At the end of this 20- minute window, the working 

electrode was polished once again and placed back into solution immediately before 

starting the next set of scans. The next set of scans were completed within the scan 

window of 0 to -1500 mV, scanned at a rate of 100 mV/s, completing three sweeps within 

this scan window. Again, the working electrode was left in solution and these parameters 

were repeated every 5 min for 20 min. The working electrode was removed once more, 

polished, and set aside while the parameters for the next scan rate were adjusted. The 

electrode was placed into the cell immediately before the next experiments were 

completed. The scan window was 0 to -1500 mV, scanned at a rate of 500 mV/s, 

completing 10 sweeps. The electrode remained in solution and these scan parameters 

were completed every 5 min for 20 min. Upon completion, the working electrode was 

removed, polished, and set aside. The electrode would not be placed in solution until 

immediately before the next scan set. The scan window was once again 0 to -1500 mV, 
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scanned at 100 mV/s, completing 10 sweeps within this window. These parameters were 

completed every 5 min for 20 min. 

 

5.7.2. X-ray data collection and structure solutions 

 The single crystals of Eu5.4 was grown from aqueous solution by slow evaporation 

at room temperature. The single crystal of Eu5.4, from available crystals, was mounted 

on the goniometer using Paratone-N oil (cryoprotectant) on the tip of MiTeGen 

MicroLoops LD™, 45 mm away from the detector and was cooled to a temperature of 

100(1) K under the flow of liquid nitrogen using Oxford Cryosystem.254 X-ray intensity data 

were collected on a Bruker D8 Quest diffractometer equipped with a Photon 100 CMOS 

detector and generator operating at 50 kV and 30 A. The indexing of Bragg intensities 

was carried out with APEX2 package.154 Data reduction and absorption corrections were 

performed with the SAINT155 and SADABS156 software packages, respectively. Structures 

were solved by the direct method using the SHELXL-97 software and refined using 

SHELXL in the WinGX package. OLEX2 software was used to prepare material and 

graphics for publication.157 

 

5.7.3. Experimental acknowledgments 

 We would like to thank the Kovac’s group for the syntheses of these molecules. 

Thank you to Bruce Knoll at Bruker for assistance in crystal refinement. Finally, thank you 

to Kovac’s group at UTSW and Allen group at Wayne State for the collaborative 

discussion.
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Chapter 6: Conclusions and Future Applications 

 

Fundamental chemistry maintained within the Green group can be subdivided into 

two separate distinctions: (1) macrocyclic chemistry13, 48-49 and (2) electrochemical 

biosensors.1 The progress of macrocyclic chemistry within the Green group has focused 

on modulating the electronics in pyclen-based tetraaza macrocycles and understanding 

the fundamental coordination chemistry between the macrocycles and first row transition 

metals, such as copper, iron, and zinc. Within the chemistry of biosensors, a low 

molecular weight Fc-based biosensor was synthesized with a biotin substrate. The 

substrate was chosen as it is specific to avidin. The biotin-Fc sensor was used to quantify 

avidin in solution using cyclic voltammetry. Overall, this chemistry, macrocyclic and 

biosensor, set the foundation for the work described within this document.  

 

Figure 6.1. Pincer library synthesized in chapter 2. 

 

 Using the functionalities maintained in macrocyclic chemistry, a small library of 

pyridine-based nitrogen pincers was synthesized (Figure 6.1). N-atom donors were used 

to coordinate metal ions within the pincer series, which included a pyridine ring. The 
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diisoproylamine (DIPA) (2.1), but the increased basicity of the amine reagent resulted in 

low reactivity and poor yields. Thus, diethylamine (DEA) was used for the pincer arms 

resulting in moderate yields throughout the synthesis (2.2 – 2.6). To add versatility to the 

pincer library, two complexes were synthesized with electron donating (ED) groups (2.3 

(p-OH) and 2.4 (m-OH)) while two complexes possessed electron withdrawing (EW) 

groups (2.5 (p-NO2) and 2.6 (p-Cl)). To investigate the ligand effects on metal chemistry, 

2.2 (no substation), 2.3 (ED), and 2.6 (EW) were complexed with Cu(ClO4)2. A solid-state 

structure for Cu2.6 was obtained confirming the terdentate nature of the pincer atom 

coordinating in a mer fashion in a square planar geometry. The electrochemistry of Cu2.2, 

Cu2.3, and Cu2.6 was also completed to observe the ligand effects on copper redox 

chemistry. Comparison of the reduction potentials (Epc) between the three complexes 

(Cu2.2, Cu2.3, and Cu2.6) showed that the most donating ligand complex (2.3) had the 

most negative reduction potential as compared to the most electron withdrawing of the 

three complexes (2.6), which showed the most positive reduction potential.  

 The future applications within this pincer work lie within understanding the activity 

of the metal-pincer complexes. To date, it has been observed that the Fe-macrocyclic 

complexes do possess some catalytic activity that has been observed for C-C coupling 

reactions.49 With an open coordination site available within the pincer-metal complexes, 

this catalytic activity and overall sensitivity could be increased. In addition, the first 

generation of macrocycles was synthesized to increase the inherent antioxidant character 

associated with pyclen as a result of the pyridine ring. By adding an ED -OH functionality, 

this antioxidant character was increased. Antioxidant character of the ED pincers will be 

investigated using biological assays to evaluate whether this activity is maintained within 

the pincer molecules as compared to the macrocyclic congeners.  
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Figure 6.2. Biotin-Fc library discussed in chapter 3. 

 

As an extension of the biotin-Fc work founded by Scarborough255 within the Green 

group, immobilization linkers were added to the biotin-Fc biosensors. These linkers were 

added with particular electrode surfaces in mind. However, direct attachment was difficult 

and solubility issues made evaluation in solution challenging. Chitosan was investigated 

as an immobilization medium onto a glassy carbon with minimal success. The library 3.1 

– 3.9, with the exception of 3.3, have minimal to no solubility in aqueous media. 

Immobilization by entrapment in chitosan provided a route to overcome issues associated 

with solubility. Signal observed by cyclic voltammetry was poor as the magnitude of the 

current depleted quickly. It was concluded that the signal depletion was not a result of the 

sensor diffusing out of the thin film, but simply just away from the electroactive surface 

within the film. Although, the biotin-Fc sensors showed successful quantification of avidin 

in solution, the addition of bulky immobilization linkers proved problematic for 

immobilization and solubility. Difficulties with solubility minimize the overall utility of these 

complexes as sensors.  

To date, this library of molecules has been extensively investigated for additional 

applications outside of sensing including cytotoxicity. Fc-based molecules have shown 
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in the Akkaraju research group with promise as cytotoxic complexes with some selectivity 

observed. Continuation within this library of compounds (3.1 – 3.9) will most likely be 

dependent on the success of cytotoxicity work. 

 

 

Figure 6.3. Library of enzyme-responsive biosensors discussed in chapter 4. 
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0.10 mM concentrations for immobilization onto the gold electrode surface. As volume 

and time were the limiting factors in development of this sensor system, data was 

obtained and evaluated within a 480 s time window from introduction of the caspase-3 

enzyme. A linear trend between enzyme concentration (nM) and shifts in potential (E1/2 

and Epa) were observed at 480 s. This result is consistent with cleavage of the D-E-V-D 

substrate from the Fc core by the caspase-3 enzyme. To date, all experiments can be 

completed under biological conditions with a limit of detection is 0.7 nM of caspase-3 

enzyme.  

 The D-E-V-D-caspase-3 system was developed as model system for more 

complex sensor systems. Overall, an “on-on”-type of sensor was developed in which the 

magnitude of the current could be maintained in the presence or absence of the analyte. 

Future work focuses on optimizing the conditions including increasing sensitivity focusing 

on picomolar limit of detection, fabricating a system that can use smaller volumes, and 

addition of mixed protein solutions to validate specificity of the substrate.  

 

Figure 6.4. Library of DOTA ligand series discussed in chapter 5. 
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 In collaboration with the UTSW Advanced Imaging Research Center (AIRC), a 

small library of EuDOTA complexes were evaluated to understand the ligand effects (5.1 

– 5.5) on Eu stability. As an imaging agent, a stable Eu2+- complex is a T1-weighted 

imaging agent while a stable Eu3+-complex is a PARACEST agent. If a ligand can stabilize 

both oxidation states of Eu, the Eu-complex can be used as both a T1-weighted agent or 

a PARACEST agent dependent on the environment (environment effects oxidation state). 

Cyclic voltammetry was used to evaluate the donating or withdrawing effects on the redox 

chemistry of the Eu ion. First and foremost, it was determined that introduction of glycine 

pendant arms to the DOTA scaffold resulted in non-innocent redox activity of the ligand. 

The synthetic addition of glycine pendant arms (5.2 – 5.5) to the DOTA scaffold (5.1) 

shows increased oxidative stability with the increased number of pendant arms ((+) 

potentials > Eu5.4 > Eu5.3 > Eu5.2 > Eu5.1 > (-) potentials) as observed by the midpoint 

potentials. The introduction of methyl groups on 5.4 (5.5) shows an even more positive 

potentials as compared to Eu5.4. Within this library, 5.5 is the most oxidatively stabilizing 

ligand. Future work with the EuDOTA series will focus on continual development of ligand 

scaffolds that can stabilize both Eu oxidation states to access the bimodal imaging 

component. 
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Appendix 1: Synthesis of novel pyridine-based pincers as small molecule metal chelators 

 

A1.1. Characterization of 2.1 – 2.6, 1H NMR, 13C NMR, MS 

 

A1.1. 1H NMR of 2.1. 
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Figure A1.2. 1H NMR of 2.2. 
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Figure A1.3. 13C NMR of 2.2. 
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Figure A1.4. MS of 2.2.  
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Figure A1.5. 1H NMR of 2.3. 
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Figure A1.6. 13C NMR of 2.3. 
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Figure A1.7. MS of 2.3. 
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Figure A1.8. 1H NMR of 2.4. 
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Figure A1.9. 13C NMR of 2.4. 
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Figure A1.10. MS of 2.4.
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Figure A1.11. 1H NMR of 2.5.
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Figure A1.12. 13C NMR of 2.5. 
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Figure A1.13. MS of 2.5. 
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Figure A1.14. 1H NMR of 2.6.  
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Figure A1.15. 13C NMR of 2.6.  

 

17
0

16
0

15
0

14
0

13
0

12
0

11
0

10
0

90
80

70
60

50
40

30
20

10
0

pp
m

11.95

47.44

59.28

120.76

145.07

161.91



  212 

 

Figure A1.16. MS of 2.6. 
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A1.2. Solid-state determination of Cu2.6.  

 

Figure A1.17. Solid-state packing of Cu2.6. 
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Figure A1.18. Solid-state packing of Cu2.6. Perchlorates were removed for clarity. 

 

Figure A1.19. Cu2.6 asymmetric unit with labels. 
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Table A1.1. Crystal data and structure parameters for Cu2.6.  

Identification code Cu2.6 
Empirical formula C16.5Cl4.5Cu1.5N4.5O3H0.25  
Formula weight 564.30  
Temperature/K 100.0  
Crystal system orthorhombic  
Space group P21212  
a/Å 30.782(2)  
b/Å 8.3262(5)  
c/Å 11.9178(7)  
α/° 90  
β/° 90  
γ/° 90  
Volume/Å3 3054.5(3)  
Z 4  
ρcalcg/cm3 1.227  
μ/mm-1 1.466  
F(000) 1099.0  
Crystal size/mm3 0.145 × 0.140 × 0.255  
Radiation MoKα (λ = 0.71073)  
2Θ range for data collection/° 5.968 to 59.988  
Index ranges -43 ≤ h ≤ 43, -11 ≤ k ≤ 11, -16 ≤ l ≤ 16  
Reflections collected 110946  
Independent reflections 8873 [Rint = 0.0816, Rsigma = 0.0594]  
Data/restraints/parameters 8873/183/316  
Goodness-of-fit on F2 1.516  
Final R indexes [I>=2σ (I)] R1 = 0.1424, wR2 = 0.3946  
Final R indexes [all data] R1 = 0.2179, wR2 = 0.4461  
Largest diff. peak/hole / e Å-3 3.14/-1.72  
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Table A1.2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2) for Cu2.6.  

Atom x y z U(eq) 
Cu1 5000 15000 8184.3(17) 51.5(7) 
Cu2 3344.0(4) 9892.2(13) 1796.9(11) 26.6(5) 
Cl0A 5000 15000 2888(4) 66(2) 
Cl2 3331.5(13) 9872(4) 7112(3) 73.1(15) 
Cl1 3342.0(9) 9913(3) -48(3) 46.7(10) 
Cl4 3324.6(12) 14885(4) 4634(3) 64.8(14) 
Cl5 5000 10000 5396(5) 76.0(18) 
C3 3718(6) 9332(19) 5064(11) 58(4) 
C1 2987(5) 10403(16) 5099(10) 48(3) 
O3 4748(4) 8960(17) 6076(10) 64(3) 
N0AA 4374(5) 14060(20) 7972(11) 97(6) 
N1 3979(4) 9102(18) 2040(10) 57(3) 
C10 2971(8) 13530(20) 1406(15) 87(6) 
N1AA 5000 15000 6577(10) 27(3) 
C2AA 4665(5) 14404(19) 6046(10) 47(3) 
C5AA 4285(7) 13830(30) 6758(13) 110(8) 
C6AA 4276(10) 12710(30) 8746(19) 128(9) 
C7AA 4643(10) 11250(30) 8571(19) 133(11) 
C8AA 4648(4) 14480(20) 4899(11) 57(4) 
C9AA 5000 15000 4337(12) 33(4) 
Cl8 5000 15000 10022(4) 88(2) 
N3 2718(4) 10763(16) 2036(9) 47(3) 
C14 2633(5) 11080(20) 3244(12) 64(4) 
C15 2985(4) 10411(15) 3966(10) 37(3) 
N2 3362(3) 9872(8) 3393(8) 28.9(19) 
C4 3691(4) 9365(15) 3949(10) 38(3) 
C5 4056(5) 8790(30) 3216(12) 68(5) 
C6 4079(7) 7740(30) 1261(16) 81(5) 
C7 3727(8) 6280(30) 1392(16) 91(6) 
C2 3335(4) 9898(10) 5672(10) 46(4) 
O20 3101(5) 15900(20) 3916(13) 105(5) 
O21 3607(5) 13740(20) 3936(14) 114(6) 
C11 2622(7) 12120(20) 1279(15) 72(4) 
C12 2443(12) 9480(50) 1660(30) 31(6) 
C8 4282(13) 10100(70) 1570(30) 51(7) 
C13 2510(12) 7750(60) 2320(30) 25(8) 
C9 4187(15) 12020(70) 2320(30) 51(10) 
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Table A1.3. Atomic displacement parameters (Å2) for Cu2.6. 

Atom U11 U22 U33 U23 U13 U12 
Cu1 82.3(16) 60.2(16) 12.2(11) 0 0 37.9(13) 
Cu2 40.6(8) 22.9(7) 16.2(7) -3.8(4) 7.3(5) -10.7(6) 
Cl0A 73(3) 113(5) 12(2) 0 0 -47(4) 
Cl2 133(4) 63(2) 23.4(18) 4.8(13) -2.0(17) 27(3) 
Cl1 68(2) 56(2) 15.8(14) -2.8(10) 11.7(12) -13(3) 
Cl4 121(4) 49(2) 24.0(16) -3.0(11) 0.7(18) -32(3) 
Cl5 122(5) 79(4) 28(3) 0 0 -1(4) 
C3 82(8) 71(9) 21(5) 9(5) 5(4) 28(7) 
C1 87(8) 39(6) 19(5) -8(4) 17(4) 5(6) 
O3 46(6) 100(9) 45(7) -7(6) 6(5) -1(6) 
N0AA 98(11) 170(17) 22(6) -38(9) 25(7) -43(11) 
N1 38(5) 97(8) 36(5) 5(5) 11(4) 14(5) 
C10 152(16) 66(9) 43(9) -1(7) -40(10) 11(9) 
N1AA 28(6) 41(8) 12(6) 0 0 5(6) 
C2AA 58(8) 62(9) 22(6) -12(6) -1(6) -13(7) 
C5AA 116(15) 200(20) 18(8) -8(11) 34(9) -60(15) 
C6AA 190(20) 132(19) 63(13) 31(13) 70(15) -24(18) 
C7AA 220(30) 99(16) 78(15) 23(13) 94(17) 42(17) 
C8AA 29(6) 119(13) 24(6) -20(8) 2(5) -21(8) 
C9AA 46(9) 44(10) 9(7) 0 0 2(8) 
Cl8 149(6) 97(5) 17(2) 0 0 66(5) 
N3 45(5) 68(6) 27(5) -15(4) -4(4) 17(4) 
C14 65(7) 95(10) 32(5) -18(6) 2(5) 40(7) 
C15 51(5) 40(6) 21(4) -10(4) 9(4) 6(5) 
N2 47(4) 27(5) 13(4) -4(3) 7(3) 6(4) 
C4 52(6) 37(6) 24(5) 7(4) 7(4) 16(5) 
C5 62(7) 113(12) 28(5) 8(6) 7(5) 41(8) 
C6 87(11) 107(10) 50(9) 0(7) 21(8) 21(7) 
C7 134(15) 98(11) 39(10) -17(9) 39(10) 5(10) 
C2 87(8) 33(6) 18(5) 8(3) 9(4) 5(6) 
O20 92(10) 151(15) 70(9) -20(10) -11(8) 9(10) 
O21 106(11) 152(14) 85(10) 6(10) -7(8) 51(10) 
C11 107(11) 66(7) 42(8) -18(6) -15(7) 31(7) 
C12 25(11) 61(10) 6(12) -7(8) 9(9) 20(8) 
C8 22(11) 117(13) 14(12) 17(10) -14(9) 8(10) 
C13 11(18) 64(12) 0(16) -5(11) -3(13) 2(11) 
C9 40(20) 106(15) 9(18) 30(12) -11(16) -6(13) 
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Table A1.4. Bond lengths (Å) for Cu2.6. 

Atom Atom Length/Å   Atom Atom Length/Å 
Cu1 N0AA 2.094(16)   N1 C6 1.50(2) 
Cu1 N0AA1 2.094(16)   N1 C8 1.37(5) 
Cu1 N1AA 1.916(12)   C10 C11 1.59(3) 
Cu1 Cl8 2.190(5)   N1AA C2AA 1.308(14) 
Cu2 Cl1 2.199(3)   N1AA C2AA1 1.308(14) 
Cu2 N1 2.083(12)   C2AA C5AA 1.52(2) 
Cu2 N3 2.079(11)   C2AA C8AA 1.369(17) 
Cu2 N2 1.903(9)   C6AA C7AA 1.67(3) 
Cl0A C9AA 1.727(15)   C8AA C9AA 1.347(15) 
Cl2 C2 1.717(13)   C9AA C8AA1 1.347(15) 
Cl4 O20 1.384(17)   N3 C14 1.487(17) 
Cl4 O21 1.536(17)   N3 C11 1.48(2) 
Cl5 O3 1.417(13)   N3 C12 1.43(5) 
Cl5 O32 1.417(13)   C14 C15 1.491(19) 
C3 C4 1.331(17)   C15 N2 1.418(14) 
C3 C2 1.462(18)   N2 C4 1.284(14) 
C1 C15 1.351(17)   C4 C5 1.500(18) 
C1 C2 1.339(18)   C6 C7 1.64(3) 
N0AA C5AA 1.49(2)   C12 C13 1.65(6) 
N0AA C6AA 1.49(3)   C8 C9 1.85(7) 
N1 C5 1.444(18)         

 

Table A1.5. Bond angles for Cu2.6. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N0AA1 Cu1 N0AA 166.1(7)   N0AA C5AA C2AA 111.1(14) 
N0AA1 Cu1 Cl8 96.9(4)   N0AA C6AA C7AA 109.6(17) 
N0AA Cu1 Cl8 96.9(4)   C9AA C8AA C2AA 118.7(13) 
N1AA Cu1 N0AA1 83.1(4)   C8AA C9AA Cl0A 119.8(8) 
N1AA Cu1 N0AA 83.1(4)   C8AA1 C9AA Cl0A 119.8(8) 
N1AA Cu1 Cl8 180.0   C8AA C9AA C8AA1 120.3(15) 
N1 Cu2 Cl1 98.3(3)   C14 N3 Cu2 110.9(8) 
N3 Cu2 Cl1 97.6(3)   C11 N3 Cu2 111.7(11) 
N3 Cu2 N1 164.0(6)   C11 N3 C14 114.9(12) 
N2 Cu2 Cl1 178.5(2)   C12 N3 Cu2 104.2(15) 
N2 Cu2 N1 80.3(4)   C12 N3 C14 109.1(18) 
N2 Cu2 N3 83.8(4)   C12 N3 C11 105.3(19) 
O20 Cl4 O21 108.9(11)   N3 C14 C15 111.4(11) 
O3 Cl5 O32 110.2(10)   C1 C15 C14 125.4(13) 
C4 C3 C2 116.0(13)   C1 C15 N2 118.6(12) 
C2 C1 C15 120.9(13)   N2 C15 C14 115.8(10) 
C5AA N0AA Cu1 109.7(10)   C15 N2 Cu2 117.1(7) 
C5AA N0AA C6AA 117.8(19)   C4 N2 Cu2 122.8(7) 
C6AA N0AA Cu1 113.3(16)   C4 N2 C15 120.1(11) 
C5 N1 Cu2 110.2(9)   C3 C4 C5 121.9(13) 
C5 N1 C6 115.7(14)   N2 C4 C3 124.9(13) 
C6 N1 Cu2 110.3(12)   N2 C4 C5 113.2(11) 
C8 N1 Cu2 112.9(19)   N1 C5 C4 112.7(11) 
C8 N1 C5 113(2)   N1 C6 C7 111.5(14) 
C8 N1 C6 94(2)   C3 C2 Cl2 119.8(9) 
C2AA N1AA Cu1 118.9(7)   C1 C2 Cl2 120.5(9) 
C2AA1 N1AA Cu1 118.9(7)   C1 C2 C3 119.7(12) 
C2AA1 N1AA C2AA 122.2(15)   N3 C11 C10 111.6(14) 
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N1AA C2AA C5AA 117.1(12)   N3 C12 C13 115(3) 
N1AA C2AA C8AA 119.7(13)   N1 C8 C9 103(3) 
C8AA C2AA C5AA 122.8(13)           

 

 

 

A1.3. Solid-state determination of CuL8  

 

 

Figure A1.20. Solid-state structure of CuL8 with labels. 
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Table A1.6. Crystal data and structure parameters for CuL8.  

Identification code CuL8 
Empirical formula C33H49.5Cl8.94Cu3N12O12.09 
Formula weight 1315.28  
Temperature/K 99.89  
Crystal system monoclinic  
Space group C2/m  
a/Å 26.405(3)  
b/Å 29.054(3)  
c/Å 13.1898(11)  
α/° 90  
β/° 105.232(3)  
γ/° 90  
Volume/Å3 9763.6(15)  
Z 8  
ρcalcg/cm3 1.790  
μ/mm-1 1.855  
F(000) 5337.0  
Crystal size/mm3 0.212 × 0.174 × 0.079  
Radiation MoKα (λ = 0.71073)  
2Θ range for data collection/° 5.76 to 44.966  
Index ranges -28 ≤ h ≤ 28, -31 ≤ k ≤ 31, -14 ≤ l ≤ 14  
Reflections collected 66287  
Independent reflections 6489 [Rint = 0.0724, Rsigma = 0.0368]  
Data/restraints/parameters 6489/3/723  
Goodness-of-fit on F2 1.061  
Final R indexes [I>=2σ (I)] R1 = 0.0635, wR2 = 0.1270  
Final R indexes [all data] R1 = 0.0862, wR2 = 0.1389  
Largest diff. peak/hole / e Å-3 2.59/-1.18  
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Table A1.7. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2) for CuL8. 

Atom x y z U(eq) 
Cu01 9438.6(5) 0 5652.7(9) 11.8(3) 
Cu02 5958.1(5) 0 85.9(9) 12.1(3) 
Cu1 5587.4(4) 3211.7(3) 9417.7(8) 20.0(3) 
Cu2 5888.9(4) 1541.7(3) 5019.8(8) 23.4(3) 
Cl05 5691.6(10) 0 1619.4(19) 18.6(6) 
Cl06 10316(1) 0 6377(2) 18.4(6) 
Cl07 10000 0 10000 17.4(9) 
Cl08 7506.4(10) 0 7969(2) 20.1(6) 
Cl09 8454.3(10) 0 1957(2) 24.3(7) 
Cl0B 6996.4(10) 0 3257(2) 27.5(7) 
Cl1 8047.1(7) 3322.0(7) 11706.7(15) 23.2(5) 
Cl0A 4697.8(7) 3198.5(8) 8644.3(16) 28.3(5) 
Cl4 8377.4(8) 1717.2(7) 6961.5(16) 26.8(5) 
Cl0F 7414.0(9) 1673.5(7) 2727.9(19) 28.3(10) 
Cl3 5655.6(9) 1557.6(8) 6570.8(17) 36.3(6) 
Cl0I 5000 1496.4(11) 0 44.8(10) 
O00J 7211(2) 400.4(19) 8091(5) 34.2(15) 
N00K 8708(3) 0 4803(6) 12(2) 
N00L 6734(3) 0 527(6) 10.7(19) 
O00M 7588(3) 0 6926(7) 35(2) 
N4 6327(2) 3249(2) 10251(5) 17.1(15) 
N00O 5564(3) 0 -1442(6) 19(2) 
N00P 6094(2) -680(2) -105(5) 19.1(15) 
O00Q 8003(3) 0 8757(7) 44(2) 
N3 5718(2) 3906(2) 9189(5) 24.4(16) 
N5 6083(3) 861(2) 4974(5) 24.1(16) 
N7 5966(3) 2239(2) 4760(5) 23.6(16) 
N8 6672(3) 1588(2) 5463(5) 24.8(17) 
N1 5775(3) 2513(2) 9570(6) 33.0(19) 
N2 5816(3) 3119(2) 7917(5) 30.1(18) 
O00X 7163(3) 1244(2) 2880(6) 49(3) 
C1 6562(3) 3664(3) 10369(6) 15.9(18) 
C00Z 6989(3) 400(3) 718(6) 17.4(18) 
N010 9283(3) 699(2) 5697(7) 44(2) 
C011 7525(3) 417(3) 1141(6) 21.5(19) 
N6 5568(3) 1491(3) 3493(6) 40(2) 
C013 8457(3) 402(3) 4578(6) 20.8(19) 
O014 7513(3) 1679(3) 1758(7) 68(2) 
C3 7378(3) 3294(3) 11119(6) 19.2(19) 
C2 7095(3) 3696(3) 10812(5) 16.8(18) 
C13 7420(3) 2059(3) 6010(6) 22.4(19) 
C14 7716(3) 1666(3) 6345(6) 23(2) 
C4 7124(3) 2870(3) 10989(6) 21.4(19) 
N01A 9198(4) 0 7146(8) 56(4) 
O01B 7877(3) 1719(3) 3540(6) 68(2) 
O01C 7050(3) 2038(2) 2793(6) 50(3) 
C01D 7665(4) 0 3869(8) 19(3) 
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C12 6894(3) 2003(3) 5547(6) 20.3(19) 
C01F 7789(4) 0 1363(8) 20(3) 
C5 6593(3) 2859(3) 10556(6) 20.9(19) 
C11 6201(3) 4057(3) 10007(7) 26(2) 
C01I 7923(3) 413(3) 4106(6) 25(2) 
C6 6255(3) 2440(3) 10405(7) 32(2) 
C16 6950(3) 1207(3) 5778(6) 24(2) 
C15 7491(3) 1234(3) 6241(6) 24(2) 
C10 5779(4) 3934(3) 8086(6) 35(2) 
C9 6086(4) 3540(3) 7808(6) 30(2) 
C01O 6630(4) 807(3) 507(9) 45(3) 
C7 5809(4) 2346(3) 8543(7) 33(2) 
C17 6620(3) 778(3) 5665(7) 28(2) 
C8 6090(4) 2680(3) 8030(7) 33(2) 
C22 6504(4) 2390(3) 5124(7) 35(2) 
C21 5727(4) 2293(3) 3623(8) 42(3) 
C01U 5988(4) -745(3) -1256(7) 44(3) 
O01V 5125(4) 1897(4) 435(8) 38(4) 
O01W 9414(5) 0 9717(11) 20(6) 
C20 5806(4) 1874(4) 3038(7) 50(3) 
O020 9840(4) 410(4) 9378(8) 31(5) 
O021 5181(4) 1498(4) -1075(8) 35(5) 
C18 6065(5) 798(4) 3844(7) 54(3) 
C023 8814(4) 814(3) 4838(10) 59(4) 
O024 5607(4) 1503(4) 557(8) 32(4) 
C027 9234(5) 796(5) 6756(12) 99(7) 
O028 9829(6) 0 10907(12) 48(8) 
C029 8920(4) 438(6) 7108(8) 92(6) 
C19 5650(6) 1026(4) 3170(9) 79(4) 
O02D 5119(5) 1089(4) 431(9) 39(5) 
C02F 5700(8) -422(5) -1846(8) 141(9) 
Cl1A 5000 3235.1(9) 5000 23.7(7) 
O3 4839(5) 3644(4) 4370(9) 33(5) 
O4 4798(4) 2838(4) 4426(9) 30(3) 
O5 4833(5) 3268(4) 5958(8) 24(5) 
O6 5577(4) 3209(4) 5288(9) 32(5) 
Cl5 5000 0 5000 42(2) 
O2 4433(5) 0 4433(11) 24(4) 
O7 5152(4) 405(5) 5458(9) 38(3) 
O8 5242(7) 0 3979(11) 35(4) 
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Table A1.8. Atomic displacement parameters (Å2 x 103) for CuL8. 

Atom U11 U22 U33 U23 U13 U12 
Cu01 3.9(7) 19.7(7) 10.6(7) 0 -0.3(5) 0 
Cu02 11.1(7) 15.0(7) 9.3(7) 0 1.1(5) 0 
Cu1 13.3(5) 20.0(5) 27.0(6) -2.2(4) 6.1(4) -3.3(4) 
Cu2 32.4(6) 21.0(6) 20.1(5) 4.0(4) 12.7(5) 2.1(5) 
Cl05 11.8(14) 33.5(17) 10.4(13) 0 2.4(11) 0 
Cl06 6.1(13) 33.7(17) 14.1(14) 0 0.5(11) 0 
Cl07 14(2) 24(2) 12(2) 0 -1.4(17) 0 
Cl08 17.0(15) 19.1(15) 23.8(16) 0 4.5(12) 0 
Cl09 5.3(14) 40.5(18) 24.1(16) 0 -1.7(12) 0 
Cl0B 2.3(14) 57(2) 21.1(15) 0 0.0(12) 0 
Cl1 16.2(11) 26.2(11) 26.0(11) 3.1(9) 3.2(9) 0.0(8) 
Cl0A 14.5(10) 42.0(13) 24.8(11) 5.8(10) -1.3(9) -3.7(9) 
Cl4 22.9(11) 29.2(12) 28.4(11) 5.8(9) 7.0(9) 4.7(9) 
Cl0F 28.4(15) 8.6(13) 42.3(18) -2.1(10) -0.7(11) -1.0(9) 
Cl3 51.6(15) 38.0(14) 27.4(12) 2.3(10) 24.5(11) -2.2(11) 
Cl0I 36(2) 12(2) 99(3) 0 39(2) 0 
O00J 38(4) 17(3) 47(4) -6(3) 10(3) 2(3) 
N00K 6(5) 21(5) 10(5) 0 4(4) 0 
N00L 8(5) 5(5) 16(5) 0 -2(4) 0 
O00M 26(5) 42(5) 38(5) 0 10(4) 0 
N4 21(4) 17(4) 12(3) 2(3) 2(3) -3(3) 
N00O 17(5) 32(6) 7(5) 0 0(4) 0 
N00P 24(4) 12(3) 20(4) -1(3) 3(3) -9(3) 
O00Q 17(5) 73(7) 33(5) 0 -8(4) 0 
N3 10(4) 18(4) 40(4) 4(3) -2(3) 0(3) 
N5 34(4) 19(4) 17(4) 0(3) 3(3) 4(3) 
N7 23(4) 22(4) 27(4) 5(3) 9(3) 5(3) 
N8 40(4) 14(4) 21(4) 2(3) 8(3) 0(3) 
N1 27(4) 21(4) 50(5) 4(4) 9(4) -7(3) 
N2 23(4) 30(4) 27(4) -3(3) -12(3) -6(3) 
O00X 46(5) 20(4) 72(6) 8(4) 2(4) -5(3) 
C1 17(4) 18(5) 13(4) -5(3) 4(3) -8(4) 
C00Z 9(4) 18(4) 22(4) 10(3) -1(3) 3(3) 
N010 12(4) 20(4) 89(7) -5(4) -9(4) -6(3) 
C011 17(5) 20(4) 26(5) 3(4) 2(4) -7(4) 
N6 36(5) 31(5) 45(5) 5(4) -2(4) 9(4) 
C013 18(5) 20(4) 23(5) 7(4) 2(4) -2(4) 
O014 75(6) 50(5) 98(7) 4(4) 57(5) 5(4) 
C3 16(4) 24(5) 20(4) 1(4) 10(4) -5(4) 
C2 27(5) 13(4) 11(4) -4(3) 7(4) -5(4) 
C13 25(5) 24(5) 21(4) 0(4) 11(4) -5(4) 
C14 41(5) 17(5) 16(4) 4(3) 14(4) 4(4) 
C4 25(5) 21(5) 20(4) 9(4) 9(4) 11(4) 
N01A 23(7) 142(14) 6(6) 0 8(5) 0 
O01B 60(5) 66(5) 65(5) -21(4) -6(4) -6(4) 
O01C 51(5) 26(5) 77(6) 5(4) 25(4) 9(4) 
C01D 1(6) 37(8) 18(6) 0 1(5) 0 
C12 30(5) 17(5) 16(4) 3(3) 11(4) 3(4) 
C01F 8(6) 39(8) 13(6) 0 6(5) 0 
C5 15(5) 21(5) 25(5) -2(4) 1(4) 0(4) 
C11 31(5) 15(4) 30(5) -2(4) 5(4) 5(4) 
C01I 14(5) 31(5) 29(5) 11(4) 4(4) 9(4) 
C6 34(5) 17(5) 45(6) 6(4) 11(5) -7(4) 
C16 35(5) 16(5) 26(5) 0(4) 13(4) 4(4) 
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C15 18(5) 29(5) 24(5) 7(4) 4(4) 15(4) 
C10 31(5) 43(6) 18(5) 14(4) -17(4) -6(4) 
C9 39(5) 31(5) 18(5) 8(4) 0(4) 8(4) 
C01O 31(6) 14(5) 72(7) 7(5) -21(5) -1(4) 
C7 39(6) 22(5) 37(6) -7(4) 7(4) -5(4) 
C17 32(5) 18(5) 35(5) 0(4) 8(4) 0(4) 
C8 41(6) 28(5) 24(5) -12(4) 1(4) 12(4) 
C22 48(6) 21(5) 31(5) 7(4) 2(5) -2(4) 
C21 40(6) 35(6) 48(6) 11(5) 5(5) 3(5) 
C01U 78(8) 34(6) 27(5) -1(4) 28(5) 10(5) 
O01V 40(8) 39(8) 31(6) 0(5) 2(5) 0(5) 
O01W 3(9) 25(10) 23(10) 0 -10(7) 0 
C20 56(7) 78(8) 16(5) 17(5) 6(5) 12(6) 
O020 32(8) 28(7) 27(7) 6(5) -1(5) 4(5) 
O021 42(8) 31(7) 39(8) -4(5) 22(6) 5(5) 
C18 84(9) 47(7) 22(5) -5(5) -1(5) 30(6) 
C023 19(5) 23(6) 117(10) 16(6) -17(6) 1(4) 
O024 26(7) 27(7) 35(7) -5(5) -6(5) 1(5) 
C027 21(6) 114(12) 143(14) -115(11) -12(8) 20(7) 
O028 37(12) 79(15) 26(11) 0 6(8) 0 
C029 13(6) 228(18) 31(6) -78(9) -3(5) 26(9) 
C19 128(12) 68(9) 33(7) -5(6) 9(7) 34(8) 
O02D 48(9) 31(8) 41(8) 13(5) 16(7) 13(6) 
C02F 250(20) 117(12) 19(6) -28(7) -32(9) 150(14) 
Cl1A 25.3(17) 13.4(15) 25.1(16) 0 -6.3(13) 0 
O3 40(8) 11(7) 36(8) 8(5) -9(6) -3(5) 
O4 32(7) 21(6) 35(7) 0(5) 7(5) -13(5) 
O5 35(8) 26(8) 5(7) -2(5) -2(5) -6(6) 
O6 22(8) 32(8) 36(8) -14(6) -7(6) 9(5) 
Cl5 16(3) 38(4) 70(4) 0 5(2) 0 
O2 1(8) 40(10) 24(9) 0 -10(7) 0 
O7 23(7) 58(10) 37(7) -27(6) 16(6) -21(6) 
O8 54(12) 50(11) 12(8) 0 28(8) 0 
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Table A1.9. Bond lengths (Å) for CuL8. 

Atom Atom Length/Å   Atom Atom Length/Å 
Cu01 Cl06 2.262(3)   N010 C027 1.464(16) 
Cu01 N00K 1.961(8)   C011 C01F 1.390(9) 
Cu01 N010 2.076(7)   N6 C20 1.480(13) 
Cu01 N0101 2.076(7)   N6 C19 1.450(13) 
Cu01 N01A 2.223(10)   C013 C01I 1.384(11) 
Cu02 Cl05 2.310(3)   C013 C023 1.506(12) 
Cu02 N00L 1.977(8)   C3 C2 1.388(11) 
Cu02 N00O 2.011(8)   C3 C4 1.391(11) 
Cu02 N00P 2.034(6)   C13 C14 1.386(11) 
Cu02 N00P1 2.034(6)   C13 C12 1.372(11) 
Cu1 Cl0A 2.302(2)   C14 C15 1.380(12) 
Cu1 N4 1.977(6)   C4 C5 1.369(11) 
Cu1 N3 2.083(6)   N01A C0291 1.463(15) 
Cu1 N1 2.086(7)   N01A C029 1.463(15) 
Cu1 N2 2.232(7)   C01D C01I1 1.374(10) 
Cu2 Cl3 2.287(2)   C01D C01I 1.374(10) 
Cu2 N5 2.048(6)   C12 C22 1.527(11) 
Cu2 N7 2.073(7)   C01F C0111 1.390(9) 
Cu2 N8 2.000(7)   C5 C6 1.491(11) 
Cu2 N6 1.975(8)   C16 C15 1.401(11) 
Cl07 O01W 1.494(13)   C16 C17 1.507(11) 
Cl07 O01W2 1.494(13)   C10 C9 1.503(13) 
Cl07 O0202 1.446(10)   C01O N00P1 1.482(10) 
Cl07 O020 1.446(10)   C7 C8 1.490(13) 
Cl07 O0201 1.446(10)   C21 C20 1.484(14) 
Cl07 O0203 1.446(10)   C01U C02F 1.325(14) 
Cl07 O028 1.384(16)   O01V O01V4 1.165(19) 
Cl07 O0282 1.384(16)   O01V O0214 1.750(15) 
Cl08 O00J1 1.433(6)   O01V O024 1.686(15) 
Cl08 O00J 1.433(6)   O01W O0201 1.776(15) 
Cl08 O00M 1.448(9)   O01W O020 1.775(15) 
Cl08 O00Q 1.444(8)   O01W O028 1.66(2) 
Cl09 C01F 1.726(11)   O020 O0203 1.64(2) 
Cl0B C01D 1.737(10)   O020 O0282 1.580(15) 
Cl1 C3 1.734(8)   O021 O01V4 1.750(15) 
Cl4 C14 1.729(9)   O021 O02D4 1.765(16) 
Cl0F O00X 1.451(7)   C18 C19 1.384(15) 
Cl0F O014 1.372(8)   O024 O02D 1.738(16) 
Cl0F O01B 1.403(8)   C027 C029 1.48(2) 
Cl0F O01C 1.447(7)   O028 O0202 1.580(15) 
Cl0I O01V4 1.301(11)   O028 O0203 1.580(15) 
Cl0I O01V 1.301(11)   O02D O0214 1.765(16) 
Cl0I O0214 1.610(10)   O02D O02D4 1.15(2) 
Cl0I O021 1.610(10)   Cl1A O35 1.449(10) 
Cl0I O0244 1.577(10)   Cl1A O3 1.449(10) 
Cl0I O024 1.577(10)   Cl1A O45 1.406(11) 
Cl0I O02D4 1.316(11)   Cl1A O4 1.406(11) 
Cl0I O02D 1.316(11)   Cl1A O5 1.446(11) 
N00K C0131 1.336(9)   Cl1A O55 1.446(11) 
N00K C013 1.336(9)   Cl1A O65 1.472(11) 
N00L C00Z 1.335(9)   Cl1A O6 1.472(11) 
N00L C00Z1 1.335(9)   O3 O35 1.65(2) 
N4 C1 1.348(9)   O3 O55 1.526(16) 
N4 C5 1.337(10)   O3 O65 1.809(15) 
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N00O C02F1 1.421(11)   O4 O45 1.61(2) 
N00O C02F 1.421(11)   O4 O55 1.738(15) 
N00P C01O1 1.482(10)   O4 O65 1.577(17) 
N00P C01U 1.483(10)   O5 O35 1.526(16) 
N3 C11 1.503(10)   O5 O45 1.738(15) 
N3 C10 1.506(11)   O5 O65 1.722(15) 
N5 C17 1.491(10)   O6 O35 1.809(15) 
N5 C18 1.490(11)   O6 O45 1.577(17) 
N7 C22 1.442(11)   O6 O55 1.722(15) 
N7 C21 1.475(11)   Cl5 O26 1.488(13) 
N8 C12 1.335(10)   Cl5 O2 1.488(13) 
N8 C16 1.333(10)   Cl5 O76 1.335(12) 
N1 C6 1.461(11)   Cl5 O71 1.335(12) 
N1 C7 1.462(11)   Cl5 O75 1.335(12) 
N2 C9 1.442(11)   Cl5 O7 1.335(12) 
N2 C8 1.455(11)   Cl5 O86 1.634(14) 
C1 C2 1.377(11)   Cl5 O8 1.635(14) 
C1 C11 1.485(11)   O2 O76 1.589(16) 
C00Z C011 1.380(10)   O2 O75 1.589(16) 
C00Z C01O 1.495(11)   O7 O26 1.589(16) 
N010 C023 1.479(12)   O7 O75 1.26(2) 
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Table A1.10. Bond Angles (o) for CuL8. 

Atom Atom Atom Angle/o  Atom Atom Atom Angle/o 

N00K Cu01 Cl06 170.6(3)   C15 C14 Cl4 118.6(6) 
N00K Cu01 N010 81.00(19)   C15 C14 C13 121.7(8) 
N00K Cu01 N0101 81.00(19)   C5 C4 C3 118.8(7) 
N00K Cu01 N01A 92.2(4)   C029 N01A Cu01 103.2(7) 
N0101 Cu01 Cl06 100.17(19)   C0291 N01A Cu01 103.2(7) 
N010 Cu01 Cl06 100.17(19)   C0291 N01A C029 120.8(15) 
N010 Cu01 N0101 156.1(4)   C01I C01D Cl0B 119.3(5) 
N0101 Cu01 N01A 82.6(3)   C01I1 C01D Cl0B 119.3(5) 
N010 Cu01 N01A 82.6(3)   C01I1 C01D C01I 121.5(10) 
N01A Cu01 Cl06 97.2(3)   N8 C12 C13 120.9(7) 
N00L Cu02 Cl05 105.8(3)   N8 C12 C22 113.2(7) 
N00L Cu02 N00O 121.2(4)   C13 C12 C22 125.8(7) 
N00L Cu02 N00P 80.46(18)   C011 C01F Cl09 119.3(5) 
N00L Cu02 N00P1 80.46(18)   C0111 C01F Cl09 119.3(5) 
N00O Cu02 Cl05 132.9(3)   C0111 C01F C011 121.4(10) 
N00O Cu02 N00P 86.43(18)   N4 C5 C4 120.3(7) 
N00O Cu02 N00P1 86.43(18)   N4 C5 C6 113.8(7) 
N00P1 Cu02 Cl05 102.24(18)   C4 C5 C6 125.9(7) 
N00P Cu02 Cl05 102.24(18)   C1 C11 N3 111.0(6) 
N00P Cu02 N00P1 152.2(4)   C01D C01I C013 118.0(8) 
N4 Cu1 Cl0A 172.50(19)   N1 C6 C5 110.6(7) 
N4 Cu1 N3 81.4(2)   N8 C16 C15 120.4(7) 
N4 Cu1 N1 79.9(3)   N8 C16 C17 113.5(7) 
N4 Cu1 N2 92.4(2)   C15 C16 C17 125.9(7) 
N3 Cu1 Cl0A 98.09(18)   C14 C15 C16 117.1(7) 
N3 Cu1 N1 155.8(3)   C9 C10 N3 113.4(7) 
N3 Cu1 N2 84.0(3)   N2 C9 C10 107.9(7) 
N1 Cu1 Cl0A 102.4(2)   N00P1 C01O C00Z 111.9(7) 
N1 Cu1 N2 81.7(3)   N1 C7 C8 111.3(7) 
N2 Cu1 Cl0A 95.00(18)   N5 C17 C16 111.0(7) 
N5 Cu2 Cl3 100.0(2)   N2 C8 C7 108.8(7) 
N5 Cu2 N7 154.5(3)   N7 C22 C12 114.2(7) 
N7 Cu2 Cl3 100.9(2)   N7 C21 C20 111.2(7) 
N8 Cu2 Cl3 103.8(2)   C02F C01U N00P 115.8(8) 
N8 Cu2 N5 80.0(3)   Cl0I O01V O0214 61.6(6) 
N8 Cu2 N7 81.0(3)   Cl0I O01V O024 62.2(6) 
N6 Cu2 Cl3 140.3(3)   O01V4 O01V Cl0I 63.4(4) 
N6 Cu2 N5 86.6(3)   O01V4 O01V O0214 105.1(10) 
N6 Cu2 N7 86.5(3)   O01V4 O01V O024 108.2(10) 
N6 Cu2 N8 115.9(3)   O024 O01V O0214 86.4(7) 
O01W Cl07 O01W2 180.0   Cl07 O01W O0201 51.6(5) 
O0201 Cl07 O01W2 105.7(5)   Cl07 O01W O020 51.6(5) 
O0202 Cl07 O01W 105.7(5)   Cl07 O01W O028 51.7(7) 
O0202 Cl07 O01W2 74.3(5)   O020 O01W O0201 84.3(9) 
O0203 Cl07 O01W2 74.3(5)   O028 O01W O0201 86.1(7) 
O0203 Cl07 O01W 105.7(5)   O028 O01W O020 86.1(7) 
O0201 Cl07 O01W 74.3(5)   N6 C20 C21 105.9(8) 
O020 Cl07 O01W2 105.7(5)   Cl07 O020 O01W 54.1(5) 
O020 Cl07 O01W 74.3(5)   Cl07 O020 O0203 55.5(4) 
O0201 Cl07 O0203 180.0(5)   Cl07 O020 O0282 54.2(6) 
O020 Cl07 O0202 180.0   O0203 O020 O01W 86.7(8) 
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O0203 Cl07 O0202 111.0(8)   O0282 O020 O01W 88.9(8) 
O020 Cl07 O0201 111.0(8)   O0282 O020 O0203 93.8(8) 
O0201 Cl07 O0202 69.0(8)   Cl0I O021 O01V4 45.3(4) 
O020 Cl07 O0203 69.0(8)   Cl0I O021 O02D4 45.6(5) 
O028 Cl07 O01W 70.4(9)   O01V4 O021 O02D4 83.8(7) 
O028 Cl07 O01W2 109.6(9)   C19 C18 N5 113.2(9) 
O0282 Cl07 O01W 109.6(9)   N010 C023 C013 110.1(7) 
O0282 Cl07 O01W2 70.4(9)   Cl0I O024 O01V 46.8(5) 
O0282 Cl07 O0202 112.2(5)   Cl0I O024 O02D 46.4(5) 
O028 Cl07 O0202 67.8(5)   O01V O024 O02D 86.6(7) 
O0282 Cl07 O0201 67.8(5)   N010 C027 C029 111.2(9) 
O028 Cl07 O0203 67.8(5)   Cl07 O028 O01W 57.9(8) 
O0282 Cl07 O0203 112.2(5)   Cl07 O028 O0203 57.9(6) 
O028 Cl07 O0201 112.2(5)   Cl07 O028 O0202 57.9(6) 
O0282 Cl07 O020 67.8(5)   O0202 O028 O01W 92.6(8) 
O028 Cl07 O020 112.2(5)   O0203 O028 O01W 92.6(8) 
O028 Cl07 O0282 180.0   O0203 O028 O0202 98.0(12) 
O00J1 Cl08 O00J 108.6(5)   N01A C029 C027 107.7(8) 
O00J1 Cl08 O00M 109.1(3)   C18 C19 N6 114.3(10) 
O00J Cl08 O00M 109.1(3)   Cl0I O02D O0214 61.0(6) 
O00J1 Cl08 O00Q 109.8(3)   Cl0I O02D O024 60.3(6) 
O00J Cl08 O00Q 109.8(3)   O024 O02D O0214 84.4(7) 
O00Q Cl08 O00M 110.5(5)   O02D4 O02D Cl0I 64.2(5) 
O014 Cl0F O00X 110.1(5)   O02D4 O02D O0214 106.2(11) 
O014 Cl0F O01B 111.7(5)   O02D4 O02D O024 107.1(10) 
O014 Cl0F O01C 109.9(5)   C01U C02F N00O 123.6(9) 
O01B Cl0F O00X 108.3(5)   O3 Cl1A O35 69.7(9) 
O01B Cl0F O01C 110.1(5)   O3 Cl1A O6 108.5(7) 
O01C Cl0F O00X 106.6(4)   O3 Cl1A O65 76.5(6) 
O01V4 Cl0I O01V 53.2(9)   O35 Cl1A O65 108.5(7) 
O01V4 Cl0I O0214 106.6(6)   O35 Cl1A O6 76.5(6) 
O01V Cl0I O021 106.6(6)   O45 Cl1A O3 174.2(7) 
O01V4 Cl0I O021 73.0(6)   O4 Cl1A O3 110.7(6) 
O01V Cl0I O0214 73.0(6)   O4 Cl1A O35 174.2(7) 
O01V Cl0I O024 71.0(6)   O45 Cl1A O35 110.6(6) 
O01V4 Cl0I O024 107.7(6)   O45 Cl1A O4 69.7(9) 
O01V4 Cl0I O0244 71.0(6)   O45 Cl1A O5 75.1(6) 
O01V Cl0I O0244 107.7(6)   O45 Cl1A O55 111.4(7) 
O01V Cl0I O02D4 179.0(8)   O4 Cl1A O5 111.4(7) 
O01V4 Cl0I O02D4 127.6(6)   O4 Cl1A O55 75.1(6) 
O01V4 Cl0I O02D 179.0(8)   O45 Cl1A O6 66.4(7) 
O01V Cl0I O02D 127.6(6)   O4 Cl1A O6 108.5(7) 
O021 Cl0I O0214 179.6(8)   O45 Cl1A O65 108.5(7) 
O024 Cl0I O0214 95.1(6)   O4 Cl1A O65 66.4(7) 
O0244 Cl0I O0214 84.9(6)   O55 Cl1A O3 63.6(7) 
O024 Cl0I O021 84.9(6)   O5 Cl1A O3 109.7(7) 
O0244 Cl0I O021 95.1(6)   O55 Cl1A O35 109.7(7) 
O024 Cl0I O0244 178.6(8)   O5 Cl1A O35 63.6(7) 
O02D Cl0I O021 106.9(7)   O5 Cl1A O55 172.5(9) 
O02D4 Cl0I O021 73.4(6)   O5 Cl1A O6 108.1(6) 
O02D Cl0I O0214 73.4(6)   O55 Cl1A O65 108.1(6) 
O02D4 Cl0I O0214 106.9(7)   O55 Cl1A O6 72.3(6) 
O02D Cl0I O0244 108.1(7)   O5 Cl1A O65 72.3(6) 
O02D Cl0I O024 73.2(6)   O65 Cl1A O6 174.1(9) 
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O02D4 Cl0I O024 108.1(7)   Cl1A O3 O35 55.2(4) 
O02D4 Cl0I O0244 73.3(7)   Cl1A O3 O55 58.1(6) 
O02D Cl0I O02D4 51.6(10)   Cl1A O3 O65 52.3(5) 
C013 N00K Cu01 118.8(5)   O35 O3 O65 86.3(8) 
C0131 N00K Cu01 118.8(5)   O55 O3 O35 96.1(8) 
C013 N00K C0131 121.8(9)   O55 O3 O65 89.8(8) 
C00Z1 N00L Cu02 119.2(4)   Cl1A O4 O45 55.2(5) 
C00Z N00L Cu02 119.2(4)   Cl1A O4 O55 53.5(5) 
C00Z1 N00L C00Z 121.3(9)   Cl1A O4 O65 58.8(6) 
C1 N4 Cu1 118.1(5)   O45 O4 O55 89.5(8) 
C5 N4 Cu1 119.0(5)   O65 O4 O45 94.4(8) 
C5 N4 C1 122.3(6)   O65 O4 O55 90.8(8) 
C02F N00O Cu02 105.1(6)   Cl1A O5 O35 58.2(6) 
C02F1 N00O Cu02 105.1(6)   Cl1A O5 O45 51.4(5) 
C02F1 N00O C02F 119.3(18)   Cl1A O5 O65 54.5(5) 
C01O1 N00P Cu02 110.5(5)   O35 O5 O45 91.7(8) 
C01O1 N00P C01U 115.0(8)   O35 O5 O65 93.5(8) 
C01U N00P Cu02 105.1(5)   O65 O5 O45 84.9(7) 
C11 N3 Cu1 108.7(5)   Cl1A O6 O35 51.1(5) 
C11 N3 C10 113.1(6)   Cl1A O6 O45 54.8(6) 
C10 N3 Cu1 104.8(5)   Cl1A O6 O55 53.1(5) 
C17 N5 Cu2 110.1(5)   O45 O6 O35 87.5(8) 
C18 N5 Cu2 101.9(5)   O45 O6 O55 91.1(8) 
C18 N5 C17 111.5(7)   O55 O6 O35 84.1(7) 
C22 N7 Cu2 111.8(5)   O26 Cl5 O2 180.0 
C22 N7 C21 115.3(7)   O26 Cl5 O8 81.6(8) 
C21 N7 Cu2 103.7(5)   O2 Cl5 O86 81.6(8) 
C12 N8 Cu2 118.9(5)   O26 Cl5 O86 98.4(8) 
C16 N8 Cu2 118.6(5)   O2 Cl5 O8 98.4(8) 
C16 N8 C12 122.1(7)   O76 Cl5 O26 111.7(5) 
C6 N1 Cu1 110.6(5)   O7 Cl5 O2 111.7(5) 
C6 N1 C7 113.4(7)   O75 Cl5 O2 68.3(5) 
C7 N1 Cu1 107.7(5)   O75 Cl5 O26 111.7(5) 
C9 N2 Cu1 104.0(5)   O7 Cl5 O26 68.3(5) 
C9 N2 C8 120.5(7)   O76 Cl5 O2 68.3(5) 
C8 N2 Cu1 105.0(5)   O71 Cl5 O26 68.3(5) 
N4 C1 C2 119.7(7)   O71 Cl5 O2 111.7(5) 
N4 C1 C11 114.5(7)   O75 Cl5 O7 56.5(11) 
C2 C1 C11 125.8(7)   O75 Cl5 O71 180.0 
N00L C00Z C011 121.4(7)   O7 Cl5 O71 123.5(11) 
N00L C00Z C01O 113.0(7)   O76 Cl5 O75 123.5(11) 
C011 C00Z C01O 125.5(7)   O76 Cl5 O7 180.0 
C023 N010 Cu01 109.3(6)   O76 Cl5 O71 56.5(11) 
C027 N010 Cu01 106.4(8)   O76 Cl5 O86 103.7(5) 
C027 N010 C023 114.9(9)   O75 Cl5 O8 76.3(5) 
C00Z C011 C01F 117.3(8)   O76 Cl5 O8 76.3(5) 
C20 N6 Cu2 104.1(6)   O75 Cl5 O86 103.7(5) 
C19 N6 Cu2 108.2(6)   O71 Cl5 O86 76.3(5) 
C19 N6 C20 118.0(9)   O7 Cl5 O8 103.7(5) 
N00K C013 C01I 120.4(7)   O71 Cl5 O8 103.7(5) 
N00K C013 C023 113.6(7)   O7 Cl5 O86 76.3(5) 
C01I C013 C023 126.0(7)   O86 Cl5 O8 180.0 
C2 C3 Cl1 119.9(6)   Cl5 O2 O76 51.3(5) 
C2 C3 C4 120.2(7)   Cl5 O2 O75 51.3(5) 
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C4 C3 Cl1 120.0(6)   O75 O2 O76 95.5(11) 
C1 C2 C3 118.7(7)   Cl5 O7 O26 60.5(6) 
C12 C13 C14 117.7(8)   O75 O7 Cl5 61.8(5) 
C13 C14 Cl4 119.6(6)   O75 O7 O26 109.6(9) 
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Appendix 2: Understanding the environment effects of chitosan as an immobilization 

medium for ferrocene-based biosensors 

 

Figure A2.1. Standard curve of 3.3 for drug delivery studies. 
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Figure A2.2. 1H NMR of 3.1. 
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Figure A2.3. 1H NMR of 3.2. 
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Figure A2.4. 1H NMR of 3.3. 
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Figure A2.5. 1H NMR of 3.4. 
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Figure A2.6. 1H NMR of 3.5.  
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Figure A2.7. 1H NMR of 3.6. 
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Figure A2.8. 1H NMR of 3.7. 
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Figure A2.9. 1H NMR of 3.8. 
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Figure A2.10. 1H NMR of 3.9. 
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Figure A2.11. SEM of 3.1CH (A, scale bar = 100 µm; B, scale bar = 10 µm) 

 

 

 

 

Figure A2.12. SEM of 3.2CH (A, scale bar = 100 µm; B, scale bar = 1 µm) 
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Figure A2.13. SEM of 3.3CH (A, scale bar = 100 µm; B, scale bar = 10 µm). 
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Figure A2.14. SEM of 3.4CH (A, scale bar = 1 mm; B, scale bar = 10 µm). 
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Figure A2.15. SEM of 3.5CH (A, scale bar = 1 mm; B, scale bar = 100 µm).  
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Figure A2.16. SEM of 3.6CH (A, scale bar = 1 mm; B, scale bar = 10 µm). 
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Figure A2.17. SEM of 2.8CH (A, scale bar = 1 mm; B, scale bar = 100 µm). 
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Figure A2.18. SEM of 2.9CH (A, scale bar = 1 mm; B, scale bar = 10 µm). 
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Figure A2.19. (A) EDX image of 3.7CH. (B) S atom distribution within the area analyzed. (C) Fe 
distribution within the area analyzed. (D) Elemental analysis of 3.7CH. (E) Elemental analysis of 
chitosan only film. 
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Appendix 3: Enzyme-responsive biosensors for the detection of cancer biomarkers 

 

A3.1. 1H NMR of 4.1 – 4.4 

 

Figure A3.1. 1H NMR of 4.1. 
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Figure A3.2. 1H NMR of 4.2. 
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Figure A3.3. 1H NMR of 4.3. 
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Figure A3.4. 1H NMR of 4.4. 
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A3.2. Cyclic voltammetry of 4.2 and 4.3 in solution 

 

Figure A3.20. Cyclic voltammogram of 4.2 in 1X PBS (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 mg/mL) 
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Figure A3.5. Diffusion controlled data for 4.2 with current output versus v1/2. 

 

 

 

Table A3.1. Experimental data obtained for 4.2 in 1X PBS (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 mg/mL) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 458 356 1.4481 0.9271 407 102 1.5620 

80 461 352 1.2848 0.8267 407 109 1.5541 

60 465 352 1.1206 0.6793 409 113 1.6496 

40 468 349 1.0163 0.5856 409 119 1.7355 

20 496 333 0.7086 0.3317 415 163 2.1363 
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Figure A3.6. Cyclic voltammogram of 4.3 in 1X PBS (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 mg/mL) 
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Figure A3.7. Diffusion controlled data for 4.3 with current output versus v1/2. 

 

 

 

Table A3.2. Experimental data obtained for 4.3 in 1X PBS (Experimental conditions: gold working 
electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 1 mg/mL) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

100 493 335 0.9540 0.5316 414 158 1.7946 

80 499 347 0.8154 0.4031 423 152 2.0228 

60 508 334 0.4843 0.2621 421 174 1.8478 
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A3.3. Cyclic voltammetry of 4.3Au at different loading concentrations 

 

 

Figure A3.8. Cyclic voltammogram overlay of 4.3Au (0.20 mM sensor) (Experimental conditions: 
gold working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode) 

 

Table A3.3. Experimental data obtained for 4.3Au in 1X PBS (Experimental conditions: gold 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 0.20 mM sensor) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

500 427 367 0.3532 0.2584 397 60 1.3668 
400 427 369 0.2243 0.2036 398 58 1.1016 
300 429 365 0.1544 0.1076 397 64 1.4349 
200 432 364 0.1141 0.0782 398 68 1.4590 
100 432 367 0.0485 0.0444 400 65 1.0923 
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Figure A3.9. Plot of current (µA) versus scan rate (mV/s) indicative of immobilized species 
(0.20 sensor data). 
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Figure A3.10. Cyclic voltammogram overlay of 4.3Au (0.15 mM sensor) (Experimental conditions: 
gold working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode) 

 

 

Table A3.4. Experimental data obtained for 4.3Au in 1X PBS (Experimental conditions: gold 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 0.15 mM sensor) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

500 413 360 0.2491 0.1501 387 53 1.6595 
400 414 362 0.1627 0.0976 388 52 1.6670 
300 411 354 0.0963 0.0714 383 57 1.3487 
200 422 346 0.0344 0.0354 384 76 0.9717 
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Figure A3.21. Cyclic voltammogram overlay of 4.3Au (0.10 mM sensor) (Experimental conditions: 
gold working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode) 

 

 

Table A3.5. Experimental data obtained for 4.3Au in 1X PBS (Experimental conditions: gold 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 0.10 mM sensor) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

500 414 363 0.1347 0.1123 389 51 1.1994 
400 411 364 0.1241 0.0557 388 47 2.2280 
300 408 361 0.0491 0.082 385 47 0.5987 
200 413 358 0.0304 0.0354 386 55 0.8587 
100 417 349 0.017 0.015 383 68 1.1333 
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Figure A3.22. Cyclic voltammogram overlay of 4.3Au (0.05 mM sensor) (Experimental conditions: 
gold working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode) 

 

Table A3.6. Experimental data obtained for 4.3Au in 1X PBS (Experimental conditions: gold 
working electrode, platinum auxiliary electrode, Ag/AgCl reference electrode, 0.05 mM sensor) 

mV/s Epa (mV) Epc (mV) Ipa (µA) Ipc (µA) E1/2 (mV) ∆E (mV) Ipa/Ipc 

500 407 372 0.0869 0.1171 390 35 0.7421 
400 408 368 0.0365 0.0607 388 40 0.6013 
300 408 366 0.039 0.0287 387 42 1.3588 
200 412 371 0.0122 0.0299 392 41 0.4080 
100 406 387 0.0079 0.0149 397 19 0.5302 
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A3.4. Data workup using QSOAs 

 

To accurately work-up data in QSOAs, the data files must be text files (.txt) and simulate 

the EU cyclic voltammetry parameters.  

1. First, isolate the data obtained from the instrument in excel where the potential 

data is in column (A) and the current data is in column (B). See image below.  

 

2. Isolate the data from column (A) and column (C) and copy into a new Excel sheet 

and save as a text file.  
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3. Open the program QSOAs.  

 

4. Load the text file saved from step 2 by going file > load > load (l), highlighting the 

appropriate file, and clicking open. The voltammogram should now be in the 

window. 

 

5. The voltammogram must now be cut into separate waves to isolate the oxidation 

wave. In the QSOAs dialog box, type “c” and press enter. Isolate the oxidation 

wave, which will now have a positive current by placing limits on the wave. Then, 

press “q” to isolate the wave.  
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6. The baseline must be removed. In the QSOAs dialog box, type “b” and press enter. 

 

7. At the points to which an obvious change in the slope is present, press “1” and “2” 

on the outer to limits to determine where the baseline exists. Then, press “q” to 

remove the background and isolate the oxidation peak.  
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8. To calculate a close approximation of the moles of sensor on the surface of the 

electrode, complete a “fit”. This is done by going Fits < Fit:Adosrbed.  

 

Adjust the “nu” value as this relates to the scan rate (V/s). Hit “fit”.  

 

9. The “gamma_0” value obtained is the number of moles of redox active species on 

the surface of the electrode. If there is good overlap and consistency in the 

overlays, then the value calculated is more exact.  
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10. At this point, the data can be saved by going file < save < save(s) and once again 

saving the file as a text file.  

11. Other functions that can be completed in QSOAs: 

a. Noise filter: QSOAs dialog box < afft. This filter removes excess noise 

observed in some cyclic voltammograms. 

b. Peak identifier: Upon removing the background, click buffer < peak < find 

peak. The data output will identify the potential and current. 

12. To find the FWHM, open the text file saved from (10) in excel. The FWHM is 

calculated simply by dividing the peak current in half and finding the corresponding 

potentials for those values.  
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Appendix 4: DOTA-based Eu3+/2+ contrast agents: Accessing complex stability using 

electrochemical methods 

 

A4.1. Crystal structure and refinement for Eu5.4. 

 

 

Figure A4.1. Crystal structure of Eu5.4 with labels. 
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Table A4.1. Crystal data and structure parameters for Eu5.4. 

Identification code Eu5.4 
Empirical formula C24.56H50ClEuN8O20.5 
Formula weight 972.85 
Temperature/K 100.15 
Crystal system triclinic 
Space group P-1 
a/Å 12.0606(6) 
b/Å 13.1601(6) 
c/Å 14.3845(7) 
α/° 68.546(2) 
β/° 72.158(2) 
γ/° 67.370(2) 
Volume/Å3 1924.49(17) 
Z 2 
ρcalcg/cm3 1.679 
μ/mm-1 1.789 
F(000) 995.0 
Crystal size/mm3 0.196 × 0.125 × 0.101 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 5.844 to 52.742 
Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -17 ≤ l ≤ 17 
Reflections collected 58545 
Independent reflections 7853 [Rint = 0.1462, Rsigma = 0.0884] 
Data/restraints/parameters 7853/553/547 
Goodness-of-fit on F2 1.062 
Final R indexes [I>=2σ (I)] R1 = 0.0514, wR2 = 0.0896 
Final R indexes [all data] R1 = 0.0845, wR2 = 0.1002 
Largest diff. peak/hole / e Å-3 1.61/-1.31 
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Table A4.2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2) for Eu5.4. 
 

Atom x y z U(eq) 
Eu1 2087.0(3) 6951.9(2) 2746.3(2) 8.11(9) 
O1 3262(3) 7841(3) 3057(3) 11.6(8) 
O2 4635(4) 10340(3) 3805(3) 23.4(10) 
O3 6186(4) 8739(4) 4191(3) 27(1) 
O4 350(3) 8165(3) 3601(3) 10.5(8) 
O5 -1079(3) 11046(3) 3396(3) 17.6(9) 
O6 -1603(4) 11113(3) 5009(3) 19.8(9) 
O7 1011(3) 5600(3) 3395(3) 13.2(8) 
O8 -1257(4) 3029(4) 4183(3) 23.7(10) 
O9 -2155(3) 3763(3) 5499(3) 12.5(8) 
O10 3867(3) 5289(3) 2898(3) 12.3(8) 
O11 4826(4) 2861(3) 2500(3) 21.0(9) 
O12 5749(4) 1573(3) 3790(3) 20.1(9) 
N1 1830(4) 9124(4) 1629(3) 9.6(9) 
N2 103(4) 7853(4) 1897(3) 10.5(9) 
N3 2194(4) 5872(4) 1416(3) 12.0(9) 
N4 3922(4) 7132(4) 1159(3) 9.6(9) 
N5 3678(4) 9353(4) 3073(3) 11.7(10) 
N6 -1670(4) 9026(4) 4002(3) 12.5(10) 
N7 319(4) 4246(4) 3399(3) 13.9(10) 
N8 5900(4) 4432(4) 2455(4) 15.7(10) 
C1 2060(5) 9694(5) 2233(4) 11.7(11) 
C2 3062(5) 8912(5) 2799(4) 10.1(11) 
C3 4560(5) 8607(5) 3727(4) 15.1(12) 
C4 5190(5) 9280(5) 3918(4) 17.6(12) 
C5 564(5) 9706(4) 1446(4) 10.9(11) 
C6 108(5) 8972(5) 1130(4) 12.9(12) 
C7 -964(5) 8017(5) 2733(4) 12.0(11) 
C8 -724(5) 8420(4) 3498(4) 8.9(11) 
C9 -1581(5) 9455(5) 4763(4) 14.1(12) 
C10 -1397(5) 10628(5) 4305(4) 13.9(12) 
C11 5(5) 7097(5) 1397(4) 12.2(11) 
C12 1232(5) 6558(5) 791(4) 12.6(11) 
C13 1993(5) 4755(5) 2038(4) 13.3(11) 
C14 1066(5) 4892(4) 2977(4) 10.9(11) 
C15 -492(5) 4334(5) 4368(4) 16.0(12) 
C16 -1368(5) 3652(5) 4707(4) 12.9(11) 
C17 3418(5) 5685(5) 735(4) 12.2(11) 
C18 3831(5) 6754(5) 331(4) 13.8(12) 
C19 5053(5) 6400(5) 1554(4) 14.8(12) 
C20 4897(5) 5304(5) 2351(4) 12.2(11) 
C21 5946(5) 3385(5) 3285(5) 17.7(13) 
C22 5452(5) 2576(5) 3130(4) 15.3(12) 
C23 3962(5) 8333(4) 728(4) 12.7(11) 
C24 2706(5) 9178(5) 646(4) 11.9(11) 
Cl1 7896.5(14) 7128.4(15) -285.4(12) 30.3(4) 
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O1W 46(4) 3002(4) 2174(3) 23.5(10) 
O2W 3639(4) 9649(4) -1694(3) 28.4(11) 
O3W 2078(4) 8473(4) -1526(3) 29.6(11) 
O4W 3764(5) 11660(4) 1929(4) 43.2(14) 
O5W 3356(4) 11739(4) -1513(4) 33.3(12) 
O6W 8154(4) 4895(4) 1573(4) 48.1(15) 
O7W 7237(8) 6218(4) 2980(5) 68(2) 
O8W -2720(70) 6310(40) 4880(50) 46(3) 
O8W' -2780(40) 6560(30) 4790(30) 46(3) 
C1S' -3620(30) 6140(20) 4830(20) 46(3) 
O8W" -2543(10) 6575(10) 5286(10) 46(3) 
O1X 4820(20) 5958(17) 4443(18) 40 
C1X 4420(20) 5040(20) 5120(20) 40 
O1X' 5170(20) 6040(20) 4120(20) 40 
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Table A4.3. Atomic displacement parameters (Å2) for Eu5.4. 

Atom U11 U22 U33 U23 U13 U12 
Eu1 7.57(14) 7.16(14) 11.39(15) -3.59(10) -2.25(10) -2.88(10) 
O1 13.7(19) 11.2(18) 12(2) -3.4(15) -3.9(16) -5.0(15) 
O2 29(2) 21(2) 28(3) -4.1(19) -13(2) -13.7(18) 
O3 17(2) 39(3) 31(3) -8(2) -9.3(19) -12.8(19) 
O4 7.2(17) 9.4(19) 15(2) -4.7(16) -1.4(15) -2.1(14) 
O5 19(2) 18(2) 19(2) -8.7(17) -1.7(17) -7.0(18) 
O6 30(2) 20(2) 18(2) -11.1(18) 5.3(18) -19(2) 
O7 15(2) 13.0(19) 16(2) -7.0(16) -3.0(16) -6.2(16) 
O8 35(3) 27(2) 20(2) -15.0(19) 4.9(19) -21(2) 
O9 16(2) 12(2) 11(2) -1.5(16) -4.1(16) -7.2(16) 
O10 12.3(18) 9.3(19) 17(2) -5.8(16) -2.1(15) -3.2(15) 
O11 22(2) 17(2) 31(2) -8.7(19) -12.4(19) -6.6(18) 
O12 30(2) 13(2) 24(2) -2.1(17) -9.9(19) -13.3(18) 
N1 12(2) 6(2) 12(2) -2.4(17) -3.7(17) -2.0(17) 
N2 13(2) 9(2) 13(2) -6.3(17) -0.6(17) -5.3(17) 
N3 11(2) 11(2) 16(2) -6.7(18) -1.0(17) -5.0(17) 
N4 8(2) 9(2) 11(2) -1.7(17) -0.8(17) -3.4(16) 
N5 12(2) 10(2) 15(2) -3.9(19) -4.2(19) -4.5(18) 
N6 6(2) 14(2) 19(3) -8(2) -1.9(18) -2.5(18) 
N7 18(2) 15(2) 15(2) -9(2) -1.5(19) -9(2) 
N8 12(2) 13(2) 20(3) -4.1(19) -1.4(19) -3.8(18) 
C1 11(3) 12(3) 16(3) -5(2) -4(2) -5(2) 
C2 12(3) 12(2) 7(3) -3(2) 0(2) -6(2) 
C3 17(3) 13(3) 18(3) -5(2) -7(2) -3(2) 
C4 15(3) 24(3) 18(3) -5(2) -4(2) -11(2) 
C5 9(2) 9(3) 15(3) -1(2) -5(2) -4(2) 
C6 13(3) 12(3) 16(3) -4(2) -7(2) -4(2) 
C7 10(3) 8(3) 17(3) -4(2) -3(2) -1(2) 
C8 11(2) 3(2) 12(3) -1(2) -3.6(19) -2.8(19) 
C9 11(3) 15(3) 19(3) -9(2) -1(2) -4(2) 
C10 10(3) 20(3) 17(3) -10(2) -4(2) -5(2) 
C11 16(3) 11(3) 12(3) -5(2) -2(2) -5(2) 
C12 13(3) 17(3) 12(3) -6(2) -3(2) -7(2) 
C13 16(3) 8(3) 19(3) -4(2) -5(2) -4(2) 
C14 10(3) 7(3) 16(3) -4(2) -7(2) 1(2) 
C15 21(3) 19(3) 14(3) -5(2) -2(2) -12(2) 
C16 18(3) 9(3) 13(3) -1(2) -4(2) -7(2) 
C17 12(3) 18(3) 10(3) -9(2) 0(2) -6(2) 
C18 15(3) 13(3) 14(3) -4(2) -2(2) -6(2) 
C19 13(3) 14(3) 18(3) -4(2) -4(2) -6(2) 
C20 14(2) 10(2) 14(3) -6(2) -4(2) -3.2(19) 
C21 17(3) 11(3) 26(3) 0(2) -12(3) -4(2) 
C22 15(3) 14(3) 17(3) -3(2) -2(2) -6(2) 
C23 16(3) 10(2) 13(3) -4(2) -1(2) -5(2) 
C24 16(3) 12(3) 12(3) -4(2) -5(2) -6(2) 
Cl1 23.6(9) 41.9(10) 19.9(9) -7.5(8) -1.6(7) -7.4(8) 
O1W 21(2) 25(2) 24(3) -16(2) 4.4(19) -5(2) 
O2W 31(3) 33(3) 22(3) -11(2) 0(2) -13(2) 
O3W 24(3) 36(3) 26(3) -4(2) -10(2) -7(2) 
O4W 59(4) 27(3) 53(4) -1(3) -34(3) -15(3) 
O5W 33(3) 34(3) 34(3) -15(2) -2(2) -10(2) 
O6W 20(3) 26(3) 71(4) 3(3) -2(3) 0(2) 
O7W 129(6) 24(3) 66(4) -11(3) -66(5) -4(3) 
O8W 46(5) 38(6) 51(7) -6(5) -18(5) -8(5) 
O8W' 46(5) 38(6) 51(7) -6(5) -18(5) -8(5) 
C1S' 46(5) 38(6) 51(7) -6(5) -18(5) -8(5) 
O8W" 46(5) 38(6) 51(7) -6(5) -18(5) -8(5) 
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Table A4.4. Bond lengths (Å) for Eu5.4. 

Atom Atom Length/Å   Atom Atom Length/Å 
Eu1 O1 2.372(3)   N2 C11 1.480(6) 
Eu1 O4 2.394(3)   N3 C12 1.485(7) 
Eu1 O7 2.354(3)   N3 C13 1.483(7) 
Eu1 O91 2.365(4)   N3 C17 1.487(7) 
Eu1 O10 2.401(4)   N4 C18 1.494(7) 
Eu1 N1 2.667(4)   N4 C19 1.475(7) 
Eu1 N2 2.678(4)   N4 C23 1.487(6) 
Eu1 N3 2.720(4)   N5 C2 1.312(6) 
Eu1 N4 2.660(4)   N5 C3 1.454(7) 
Eu1 C2 3.252(5)   N6 C8 1.297(7) 
Eu1 C8 3.261(5)   N6 C9 1.448(7) 
Eu1 C20 3.252(6)   N7 C14 1.334(7) 
O1 C2 1.262(6)   N7 C15 1.452(7) 
O2 C4 1.266(7)   N8 C20 1.311(7) 
O3 C4 1.237(7)   N8 C21 1.451(7) 
O4 C8 1.249(6)   C1 C2 1.489(7) 
O5 C10 1.220(7)   C3 C4 1.503(7) 
O6 C10 1.301(6)   C5 C6 1.525(7) 
O7 C14 1.254(6)   C7 C8 1.521(7) 
O8 C16 1.250(6)   C9 C10 1.515(8) 
O9 Eu11 2.365(4)   C11 C12 1.518(7) 
O9 C16 1.254(6)   C13 C14 1.485(8) 
O10 C20 1.254(6)   C15 C16 1.501(7) 
O11 C22 1.219(7)   C17 C18 1.525(7) 
O12 C22 1.304(7)   C19 C20 1.515(8) 
N1 C1 1.475(6)   C21 C22 1.509(7) 
N1 C5 1.479(6)   C23 C24 1.504(7) 
N1 C24 1.480(7)   O8W' C1S' 1.31(5) 
N2 C6 1.483(7)   O1X C1X 1.392(18) 
N2 C7 1.475(7)         
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Table A4.5. Bond angles for Eu5.4. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 Eu1 O4 85.85(12)   C24 N1 Eu1 110.7(3) 
O1 Eu1 O10 85.21(12)   C6 N2 Eu1 110.6(3) 
O1 Eu1 N1 65.25(12)   C7 N2 Eu1 106.2(3) 
O1 Eu1 N2 131.00(12)   C7 N2 C6 110.0(4) 
O1 Eu1 N3 139.69(13)   C7 N2 C11 108.7(4) 
O1 Eu1 N4 72.56(13)   C11 N2 Eu1 113.0(3) 
O1 Eu1 C2 18.74(13)   C11 N2 C6 108.3(4) 
O1 Eu1 C8 103.07(12)   C12 N3 Eu1 111.0(3) 
O1 Eu1 C20 75.16(13)   C12 N3 C17 109.4(4) 
O4 Eu1 O10 147.09(12)   C13 N3 Eu1 106.5(3) 
O4 Eu1 N1 71.70(13)   C13 N3 C12 110.0(4) 
O4 Eu1 N2 65.29(12)   C13 N3 C17 110.2(4) 
O4 Eu1 N3 129.55(12)   C17 N3 Eu1 109.8(3) 
O4 Eu1 N4 139.23(13)   C18 N4 Eu1 112.3(3) 
O4 Eu1 C2 75.20(12)   C19 N4 Eu1 106.0(3) 
O4 Eu1 C8 18.51(12)   C19 N4 C18 110.4(4) 
O4 Eu1 C20 155.68(13)   C19 N4 C23 108.6(4) 
O7 Eu1 O1 147.77(12)   C23 N4 Eu1 111.0(3) 
O7 Eu1 O4 86.76(12)   C23 N4 C18 108.4(4) 
O7 Eu1 O91 75.51(12)   C2 N5 C3 119.9(5) 
O7 Eu1 O10 84.16(12)   C8 N6 C9 122.8(5) 
O7 Eu1 N1 140.28(13)   C14 N7 C15 118.9(4) 
O7 Eu1 N2 72.45(13)   C20 N8 C21 122.8(5) 
O7 Eu1 N3 64.50(13)   N1 C1 C2 111.2(4) 
O7 Eu1 N4 129.09(13)   O1 C2 Eu1 37.1(2) 
O7 Eu1 C2 156.15(13)   O1 C2 N5 121.0(5) 
O7 Eu1 C8 75.81(12)   O1 C2 C1 119.7(5) 
O7 Eu1 C20 101.16(13)   N5 C2 Eu1 157.7(4) 
O91 Eu1 O1 72.34(12)   N5 C2 C1 119.2(5) 
O91 Eu1 O4 72.53(12)   C1 C2 Eu1 82.6(3) 
O91 Eu1 O10 74.58(13)   N5 C3 C4 111.1(5) 
O91 Eu1 N1 125.41(13)   O2 C4 C3 116.7(5) 
O91 Eu1 N2 127.53(13)   O3 C4 O2 126.4(5) 
O91 Eu1 N3 130.50(13)   O3 C4 C3 116.9(5) 
O91 Eu1 N4 128.77(13)   N1 C5 C6 112.2(4) 
O91 Eu1 C2 84.15(12)   N2 C6 C5 113.7(4) 
O91 Eu1 C8 84.50(13)   N2 C7 C8 111.4(4) 
O91 Eu1 C20 87.11(13)   O4 C8 Eu1 37.5(2) 
O10 Eu1 N1 131.13(13)   O4 C8 N6 123.9(5) 
O10 Eu1 N2 139.56(12)   O4 C8 C7 119.3(5) 
O10 Eu1 N3 73.51(13)   N6 C8 Eu1 161.2(4) 
O10 Eu1 N4 66.40(13)   N6 C8 C7 116.8(5) 
O10 Eu1 C2 102.50(13)   C7 C8 Eu1 81.9(3) 
O10 Eu1 C8 154.09(13)   N6 C9 C10 112.0(5) 
O10 Eu1 C20 18.98(13)   O5 C10 O6 125.0(5) 
N1 Eu1 N2 68.31(13)   O5 C10 C9 124.0(5) 
N1 Eu1 N3 104.08(13)   O6 C10 C9 111.1(5) 
N1 Eu1 C2 47.57(13)   N2 C11 C12 111.7(4) 
N1 Eu1 C8 73.73(13)   N3 C12 C11 113.4(4) 
N1 Eu1 C20 112.24(13)   N3 C13 C14 110.1(4) 
N2 Eu1 N3 66.78(13)   O7 C14 Eu1 35.4(2) 
N2 Eu1 C2 112.28(13)   O7 C14 N7 119.7(5) 
N2 Eu1 C8 48.05(13)   O7 C14 C13 119.4(5) 
N2 Eu1 C20 139.00(13)   N7 C14 Eu1 154.7(4) 
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N3 Eu1 C2 139.32(13)   N7 C14 C13 120.9(5) 
N3 Eu1 C8 111.04(13)   C13 C14 Eu1 84.3(3) 
N3 Eu1 C20 73.94(13)   N7 C15 C16 113.4(5) 
N4 Eu1 N1 67.92(13)   O8 C16 O9 125.7(5) 
N4 Eu1 N2 103.66(13)   O8 C16 C15 117.9(5) 
N4 Eu1 N3 67.64(13)   O9 C16 C15 116.4(5) 
N4 Eu1 C2 73.72(13)   N3 C17 C18 111.9(4) 
N4 Eu1 C8 139.44(13)   N4 C18 C17 112.9(4) 
N4 Eu1 C20 48.34(13)   N4 C19 C20 112.1(4) 
C2 Eu1 C8 90.16(13)   O10 C20 Eu1 38.5(2) 
C2 Eu1 C20 89.94(13)   O10 C20 N8 124.0(5) 
C20 Eu1 C8 171.56(13)   O10 C20 C19 120.0(5) 
C2 O1 Eu1 124.1(3)   N8 C20 Eu1 162.3(4) 
C8 O4 Eu1 124.0(3)   N8 C20 C19 115.9(5) 
C14 O7 Eu1 126.7(3)   C19 C20 Eu1 81.5(3) 
C16 O9 Eu11 133.6(3)   N8 C21 C22 113.9(5) 
C20 O10 Eu1 122.5(3)   O11 C22 O12 126.4(5) 
C1 N1 Eu1 106.6(3)   O11 C22 C21 123.5(5) 
C1 N1 C5 108.6(4)   O12 C22 C21 110.1(5) 
C1 N1 C24 110.8(4)   N4 C23 C24 111.5(4) 
C5 N1 Eu1 110.2(3)   N1 C24 C23 113.9(4) 
C5 N1 C24 109.8(4)           
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 Assessing, controlling, and applying ligand field effects to metal complexes continues to be a focus 

for inorganic chemists.1-6 Within the field of bioinorganic chemistry, this theme is found heavily in diagnostics 

through the design of contrast agents focusing on the coordination sphere as well as evaluating metal ion 

chemistry as a result of environmental stimuli.7-9 Tetraazamacrocycles, in particular, are well-known for 

tunability, thermodynamic stability, kinetic inertness, and metal ion discrimination.10-12 Recently, a new 

pyridine-based terdentate ligand series has been synthesized conserving functionalities well-known within 

the Green group. Long term goals for this new pincer library will be evaluated for (1) stability, (2) metal 

binding affinity, (3) catalytic activity, and (4) antioxidant capability to the library of macrocyclic ligands. In 

addition, this approach was carried out with the development of ferrocene-based biosensors utilizing an 

“on-on” type mechanism. The new biosensor is designed with a focus on changes to the metal ion as a 

result of an enzymatic reaction, specifically caspase-3.  

 

Figure 1. Library of NNN pincers (2.1 - 2.6).13 

 Within this presentation, a new library of NNN-pincer molecules (2.3 – 2.6, Figure 1) will be 

introduced. These molecules were inspired by tetraazamacrocyclic congeners recently produced within our 

group. The syntheses of the ligand series as well as characterization upon complexation with Cu(ClO4)2 will 

be described. Pincers 2.1 and 2.2 have been previously reported in the literature and provide the 

fundamental basis for comparison to new molecules 2.3 – 2.6.13 An X-ray quality crystal for Cu2.6 was 

isolated, solid-state analysis completed, and compared to the copper tetraazamacrocycle congener. In 

addition, Cu2.2, Cu2.3, and Cu2.6 were evaluated electrochemically to observe the effects of the donating 

or withdrawing capacity of the ligand on the redox chemistry of the Cu2+-ion. 
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Scheme 1. Concept and design of enzyme-responsive biosensors immobilized on a gold electrode surface. 

 The remainder of the presentation will focus on the continued development of an “on-on”-type 

ferrocene biosensor for the caspase-3 enzyme. Biotin-ferrocene biosensors have been previously 

developed and used to quantify avidin in solution using cyclic voltammetry as a result of current depletion 

upon avidin-biotin interaction (“on-off”-type sensor). The fundamental design of the sensor showed the 

versatility of ferrocene as a redox center and the ease of modification in attaching various substrates. 

However, the “on-off” sensor design still has limitations in analyte detection as well as sensor design as 

false (+) or false (-) are possible. With the success of this model system in solution, a new library of caspase-

3 enzyme-responsive sensors was designed to contain a D-E-V-D (Asp-Glu-Val-Asp) substrate covalently 

attached to a ferrocene redox core. This system was immobilized onto a gold surface by a thiolate linker 

unit and studied through cyclic voltammetry (Scheme 1). To ensure that this enzyme-responsive system is 

suitable for the clinic, a series of experiments were completed to optimize (1) the experimental parameters 

for data acquisition, (2) reproducibility with sensor loading on the surface, and (3) evaluating sensor stability 

on the surface of the gold. Introduction of the target enzyme caspase-3 cleaves the D-E-V-D substrate from 

the biosensor. An amine terminus is left on the immobilized ferrocene and the cleaved D-E-V-D diffuses 

into solution. As a result of the substrate-enzyme reaction or interaction, a caspase-3 concentration 

dependent shift in ferrocene potential (mV) is observed by cyclic voltammetry. These results indicate that 

the design provides an “on-on”-type sensor platform capable of measuring 0.7 nM concentrations to date 

comparable to biological conditions.  
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