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ABSTRACT 

 Design of therapeutic molecules for treatment of neurodegenerative diseases must consider 

mechanisms of action that target misregulated reactive oxygen species (ROS), as extraneous ROS 

contribute to the development of disease. Antioxidant intervention of ROS includes quenching 

these species, as well as halting the generation of these species via redox cycling of mis-regulated 

transition metal ions. The study presented herein evaluates several antioxidant pathways of a new 

generation of Green Research Group molecules, including open-chain congeners and an indole 

derivative of established pyridinophane (PyN3) ligands. Open-chain congeners of PyN3 and 

OHPyN3, P-Py and P-OHPy respectively, failed to demonstrate radical scavenging reactivity due to 

an inability to quench 2,2-diphenyl-1-picrylhydrazyl. Conversely the indole derivative, IndPyN3, 

demonstrated a comparable reactivity to the parent hydroxyl pyridinophane, OHPyN3. The open-

chain congeners also failed to reduce ROS generation via halting Cu(II/I) with ascorbic acid, while 

IndPyN3 was able to do so; the degree of inhibition ROS generation by IndPyN3 correlated with 

concentration and was comparable to OHPyN3. These results demonstrate that changing the 

macrocyclic structure of the pyridinophane to an open-chain structure disrupts therapeutic activity, 

while addition of the indole moiety to the pyridinophane scaffold does not do so. Finally, the 

complexation of pyridinophane ligands PyN3 and OHPyN3 with Cu2+, had varying effects on fatty 

acid peroxidation depending on incubation time. Both ligand-copper complexes increased fatty 

acid peroxidation with 2 hours of incubation at 37 ℃. Conversely, both ligand-copper complexes 

reduced fatty acid peroxidation with 24 hours of incubation, demonstrating small amounts of 

antioxidant character.  
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INTRODUCTION 

I. The Mis-Regulation of Reactive Oxygen Species and Transition Metals Contribute to the 

Development of Neurodegenerative Diseases  

Neurodegenerative diseases, such as Alzheimer’s Disease (AD), are becoming increasingly 

more prevalent; AD affects over 5.4 million Americans and its diagnosis is predicted to increase 

to one person every 33 seconds by the year 2050.1 Although a definite mechanism in the 

development of AD has not been currently established, several indicators have been correlated 

with the onset of AD. Green Research Group (GRG) seeks to prevent the onset of AD and other 

similar neurodegenerative diseases, by addressing these indicative factors.  

Reactive oxygen species (ROS) are prevalent contributors to the onset and development of 

many neurodegenerative diseases, such as AD.2-6 The most biologically relevant ROS include 

hydrogen peroxide, hydroxyl radicals, and superoxide radicals. These species are typically found 

as metabolic byproducts. Normally, there are enzymatic and molecular mechanisms that regulate 

ROS to an appropriate level, but the mis-regulation of these species often leads to major disruption 

of biological function; the reactive nature of these species induces the disruption of biologically 

integral structures such as nucleic acids, the cellular membrane, and the mitochondria.7 Thus, the 

development of a drug targeting neurodegenerative diseases must consider how the drug will 

combat ROS.  Intervention of mis-regulated ROS levels can be categorized into two categories: 

antioxidant character, which correlates with the ability of a molecule to non-discriminatively 

quench ROS, and radical scavenging ability, the ability of a molecule to quench free radicals such 

as the hydroxyl and superoxide radicals.  

In addition to quenching ROS, therapeutic strategies should also consider reducing 

extraneous ROS generation. The current literature proposes that a central factor contributing to the 
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onset and development of AD is due to the mis-regulation of certain transition metals, such as Cu 

and Fe, as the source of extraneous ROS generation.8-10 These metals, in the presence of reducing 

agent, can participate in redox cycling, which results in ROS generation in the presence of oxygen. 

For example, Cu2+ in the presence of a reducing agent such as ascorbic acid (Asc) is reduced to 

Cu+. In the presence of oxygen, Cu+ is oxidized back to Cu2+, completing the Cu(II/I) cycle of 

reduction-oxidation, or Cu(II/I) redox cycling. Each successive completion of redox cycling 

furthers the generation of ROS, which is summarized by Fig. 1. The disproportionation of 

hydrogen peroxide to reactive oxygen radicals via redox cycling of transition metal ions is also 

known as the Fenton reaction.11-13 Thus, mis-regulated transition metal ions can exacerbate the 

mis-regulation of ROS. In addition to producing ROS via redox cycling, misregulated Cu and Fe 

also catalyzes the peroxidation of lipids, specifically the peroxidation of unsaturated fatty acids to 

hydroperoxides.14-17 For example, lipid peroxidation and consequent cell death by excess ferrous 

ions is a characteristic of the neurodegenerative disease Friedreich ataxia.18, 19 Thus, therapeutic 

strategies should include the chelation and stabilization of metals such as Cu and Fe, ultimately 

reducing unregulated ROS generation. 

 

 

Fig. 1- The generation of ROS via redox cycling of Cu(II/I) and the Fenton reaction. 20 
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II. Green Research Group Ligands Provide a Multimodal Approach to Targeting 

Neurodegenerative Diseases  

The ligands within Green Research Group (GRG) library that have various characteristics 

that can potentially serve as a therapeutic intervention for neurodegenerative diseases. We thus 

define and reference three tenets of therapeutic efficacy for our ligands: general antioxidant 

character, radical scavenging ability, and the ability to chelate and stabilize transition metals. The 

foundation of the GRG ligand library is the pyridinophane PyN3 (Fig. 2). Most GRG ligands share 

structural similarities that translate to common therapeutic ability, such as the tetra-aza 

macrocyclic backbone and the pyridine moiety, which correspond with metal chelation and 

antioxidant character respectively.20-22 The combination of these two structural features produce 

the pyridinophane scaffold, a common structural motif within our ligands. What commonly 

differentiates ligands within the GRG ligand library is the variation of a specific functional group 

at C4 on the pyridine ring. For example, OHPyN3 features a hydroxyl moiety at C4 on the pyridine 

ring rather than a proton such as in PyN3 (Fig. 2). The modification of structure often leads to 

differing therapeutic characteristics; in previous studies, we have determined that OHPyN3 acts as 

a radical scavenger unlike PyN3. Radical scavenging reactivity is thus attributed to the pyridol 

moiety within our ligands.22 
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Fig. 2- Previously established and studied GRG ligands with antioxidant character. 

  

Since GRG ligands are primarily designed as potential drugs targeting the onset and 

development of neurodegenerative diseases, the therapeutic efficacy of GRG ligands is primarily 

evaluated based on radical scavenging reactivity and metal chelation and stabilization.23-25 In this 

study, we aimed to evaluate the therapeutic efficacy of a new generation of GRG ligands. First, 

we examined the therapeutic efficacy of open-chain congeners of PyN3 and OHPyN3 (pincers P-

Py and P-OHPy respectively) synthesized by group member Timothy Schwartz (Fig. 3).26 The 

open-chain congeners are notably different from their counterparts due to the absence of the 

macrocycle in both ligands. The macrocyclic structure is replaced by two diethylamine pincer side 

chains that extend from C2 and C6 on the pyridine ring. In addition, there is one less nitrogenous 

center compared to the macrocyclic ligands. We hypothesized that P-Py and P-OHPy would chelate 

and stabilize transition metals, halting ROS generation, albeit to a lesser amount than their 

macrocyclic counterparts due to the loss of one nitrogenous center. Additionally, since the pyridol 

moiety is conserved regardless of the presence of macrocyclic backbone, we hypothesized that 

radical scavenging character would not be compromised for P-OHPy. In contrast, P-Py was not 
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expected to display radical scavenging character due to lack of a pyridol moiety.  Thus, we 

hypothesized that P-Py would feature no radical scavenging ability while P-OHPy would scavenge 

radicals in a comparable efficacy compared to OHPyN3.  

 

 

Fig. 3- Open-chain congeners, or pincers, of PyN3 and OHPyN3. 

 
Additionally, we aim to assess the therapeutic efficacy of a new functional group within 

the GRG ligand library, an indole moiety. Synthesized by group member Kristóf Póta, IndPyN3 

can be structurally compared to OHPyN3: the hydroxyl proton of the latter is replaced with a three-

carbon alkyl linker that attaches an indole moiety (Fig. 4). The indole moiety is of therapeutic 

interest for several reasons. Firstly, the indole moiety independently demonstrates potent 

antioxidant character and radical scavenging reactivity across several different molecules.27, 28 

Most importantly, the indole moiety is also permeable to the blood brain barrier across different 

molecules.29 PyN3 and OHPyN3 are excellent water-soluble antioxidants, but unfortunately are 

poorly permeable to the blood brain barrier. The central goal of designing IndPyN3 is to synthesize 

a potent therapeutic molecule for NDs that is permeable to the blood brain barrier. Given the 

previously established antioxidant nature of the indole moiety within other molecules, we 

hypothesize that IndPyN3 will display comparable levels of radical scavenging ability to OHPyN3. 

We sought to also determine if the attachment of the indole moiety to the pyridinophane scaffold 
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will disrupt the pyridinophane from stabilizing transition metals from participating in redox 

cycling and ROS generation. We hypothesize that IndPyN3 will be able to halt ROS generation via 

metal chelation and stabilization at a comparable level to OHPyN3.  

 

 

Fig. 4- Indole derivative of OH PyN3. 

 

Finally, we aimed to evaluate the ability of GRG ligands as well as GRG ligand-copper 

complexes to halt fatty acid peroxidation. The final part of this study models ROS mis-regulation 

within a biological context, as fatty acids are prevalent in biological structures such as the cellular 

membrane. Intervention of fatty acid peroxidation has never been studied within the GRG, so we 

aim to first study PyN3 and OHPyN3. Since both PyN3 and OHPyN3 display general antioxidant 

character due to the pyridine backbone, we hypothesized that both ligands will also be able to 

reduce fatty acid peroxidation via antioxidant mechanisms;20, 22 OHPyN3 should also be able to 

reduce fatty acid peroxidation to a greater extent than PyN3, as the former is an established radical 

scavenger by hydrogen abstraction, thus, OHPyN3 is predicted to be able to quench radical ROS 
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unlike PyN3. The central question of this study was whether complexation with Cu2+ will disrupt 

the antioxidant mechanism of both ligands. We hypothesized that for both ligands, the ligand-Cu2+ 

complex will not compromise the antioxidant mechanisms of the ligands.  
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METHODS 

I. DPPH• Radical Scavenging Assay  

 A stock 2,2-diphenyl-1-picrylhydrazyl (DPPH•) solution, 150 µM, was prepared by 

dissolving solid DPPH• in MeOH. Stock solutions of either butylated hydroxytoluene (BHT) or 

ascorbic acid (Asc), P-PyN2, P-OHPy, IndPyN3, and OHPyN3 were similarly prepared in MeOH, 

resulting in 5 mM solutions. For each radical scavenger tested, working solutions, ranging from 2-

1000 µM (2 mL), were prepared by transferring aliquots of the appropriate stock solution to a 7-

mL glass vial and diluting with MeOH to achieve the desired concentration.  

 Next, a 100 µL aliquot was transferred to an individual well within a 96-well plate from 

each working solution. Each aliquot transfer was performed in triplicate. The negative control was 

established by adding 100 µL of MeOH to wells rather than a radical scavenger.  Using a trough 

and a multichannel pipette, 100 µL of the DPPH• stock solution was then added to each well in 

quick succession, resulting in a total volume of 200 µL of solution for each individual well. The 

well plate was then covered in aluminum foil and allowed to rest for 30 minutes at 25℃ with mild 

shaking. After the conclusion of the designated incubation period, the foil was removed, and the 

plate was analyzed using the BMG Labtech FLUOstar OMEGA UV/vis absorbance 

spectrophotometer microplate reader. The absorbance of DPPH• from each well was read at λmax = 

516 nm.30  Finally, the precent radical quenched was determined by utilizing the absorbance of 

each sample and the absorbance of the negative control (Eq. 1).  IC50 values were extrapolated by 

fitting the curve of logarithmic concentrations against % radical quenched.  
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%	𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅	𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒 = 	
𝐴𝐴𝐴𝐴𝐴𝐴!"#$%& − 𝐴𝐴𝐴𝐴𝐴𝐴'(

𝐴𝐴𝐴𝐴𝐴𝐴'(
∗ 100	 

Equation 1- Percent DPPH˙ quenched. 

 

II. CCA Fluorometric ROS Generation Assay   

A 3 mM stock solution of coumarin-3-carboxylic acid (CCA) was prepared by dissolving 

the solid in phosphate buffer saline (PBS) [1.8 mM, pH 7.4] with sonication. Additionally, a 30 

µM stock solution of deferoxamine mesylate salt (DFOM), 9 mM stock solution of ascorbic acid 

(Asc), and 300 µM solution of each tested ligand (P-Py, P-OHPy, IndPyN3, and OHPyN3) were also 

prepared with PBS. DFOM was utilized the chelate trace metals within the solution. A 300 µM 

stock solution of CuSO4·5 H2O was also prepared by solvation in milliQ water rather than PBS.  

Samples were prepared in cuvettes with a total volume of 3 mL. Ligands were tested in 1 

and ½ equivalents. The positive control and two negative controls were prepared without the 

addition of ligand; the negative controls either contained CuSO4 or Asc, but not both. Utilizing 

aliquots from the corresponding stock solutions, the general order of addition was as follows: PBS 

(positive control 2200 µL, negative controls 2300 µL, 1 eq. ligand 2100 µL, and ½ eq. ligand 2150 

µL), CCA (500 µL, 500 µM), DFOM (100 µL, 1 µM), ligand (1 eq. 100 µL, 10 µM; ½ eq. 50 µL, 

5 µM), CuSO4 (100 µL, 10 µM), and Asc (100 µL, 10 µM). The production of hydroxyl radical 

was initiated with the addition of Asc, and sample analysis began promptly after this addition.31 

Each sample was analyzed in triplicate, using the Horiba fluorescent spectrophotometer, 

monitoring conversion of CCA into 7-hydroxy-CCA (λem= 395 nm, λex = 450 nm) over the course 

of 8 minutes.  
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III. TBARS Fatty Acid Peroxidation Assay 

The following procedure was modified from publications by Yen et al., Uppugundla et al., 

and Moon et al.32-34 First, 10 mL stock solutions of 15 mM cis-docosa-4,7,10,13,16,19-hexa-enoic 

acid (DHA) were prepared, utilizing an equivalent amount of emulsifier, Tween 20, to the mass of 

DHA (49.3 mg Tween 20). PBS buffer was used as the solvent for both fatty acid stock solutions. 

Additionally, 300 µM CuSO4·5 H2O and 30 µM DFOM stock solutions were also prepared with 

MilliQ water and PBS buffer respectively. Next, 5 mM of the reference antioxidant stock solution, 

BHT, was prepared with MeOH. Stock solutions of PyN3-Cu2+ and OHPyN3-Cu2+, 5 mM, were 

prepared by first mixing each ligand with the appropriate amount of CuSO4 · 5 H2O. For each stock 

solution, a 20% molar excess of ligand was used to copper to ensure complete complexation. Each 

ligand-copper mixture was subsequently dissolved with MilliQ water.  

The following assay parameters were established, the negative control (no copper), the 

positive control, antioxidant at 250 µM, and antioxidant at 625 µM. Varying incubation times were 

also tested.  Each assay parameter was tested in triplicate and working solutions were held in 15 

mL falcon tubes. From the requisite stock solutions, the general order of addition was as follows: 

PBS buffer (negative control: 1800 µL, positive control: 1700 µL, 250 µM antioxidant: 1600 µL, 

and 625 µM antioxidant: 1450 µL), DFOM (100 µL, 1.5 µM), CuSO4 (100 µL, 15 µM), antioxidant 

(100 µL, 250 µM or 250 µL, 625 µM), and DHA (100 µL, 0.75 µM). The final volume of each 

working solution was 2 mL. The falcon tubes were sealed and placed in an incubator at 37℃ with 

mild shaking for either 2 or 24 hours. 

After the incubation period, each working solution was quenched with 1 mL of 5 mM BHT. 

Then, 1 mL of 0.1 M HCl and 1 mL of 1% w/v 2-thiobarbituric acid (TBA) were added to each 

working solution. Solutions of TBA were prepared fresh for each work-up procedure. The Falcon 
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tubes were re-sealed and placed in the incubator for 45 minutes at 60℃ with mild shaking. After 

the second incubation period, the Falcon tubes were removed and cooled in an ice bath for 10 

minutes. Next, 5 mL of chloroform was added to each working solution, and the Falcon tubes were 

centrifuged for 15 minutes at 123g to reduce turbidity. Finally, a 200 µL aliquot of the aqueous 

layer was taken from each working solution and placed in a 96-well plate in triplicate. Formation 

of the TBA-MDA adduct was marked by a pink color within the solution. The absorbance at λmax 

= 532 nm was read to determine the concentration of the TBA-MDA adduct formed from fatty 

acid peroxidation, using the BMG Labtech FLUOstar OMEGA UV/vis absorbance 

spectrophotometer microplate reader. 
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RESULTS AND DISCUSSION 

I. Characterizing Radical Scavenging Reactivity  

The stability of DPPH• in solution is the foundation of the DPPH• assay, providing a model 

for free reactive oxygen radicals. Thus, this assay can assess ligand reactivity in scavenging 

and quenching radicals. In relation to AD, radical scavenging reactivity is of particular 

therapeutic interest as free oxygen radicals are a part of ROS, thus, radical scavenging 

reactivity contributes to overall antioxidant ability. DPPH• can be monitored spectroscopically, 

as the absorbance band of the species (λmax = 516 nm) decreases as the radical is quenched. 

Additionally, DPPH• quenching can be qualitatively estimated, as a solution of DPPH• converts 

from a purple to a yellow color when quenched (Figs. 5-6). In this study, we aim to assess the 

extent to which GRG ligands are able to quench DPPH• in a concentration dependent manner.  

 

 

 

 

 

 

 

Fig. 5- Color conversion of DPPH˙ upon quenching. 
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Fig. 6- DPPH˙ color gradient with increasing concentration of radical scavenger, BHT. 

 
 First, open-chain congeners of PyN3 and OHPyN3 (pincers P-Py and P-OHPy respectively), 

were assessed for radical scavenging reactivity. We hypothesized that P-Py and P-OHPy should 

approximate the radical scavenger ability of their macrocyclic counterparts. P-Py should display 

no radical scavenger reactivity, while P-OHPy should display radical scavenger reactivity due to 

the pyridol backbone of the latter. We expect for the pyridol-radical-scavenging motif to be 

replicated in the pincers as in their macrocyclic congeners.  

 We found that both open-chain congeners, P-Py and P-OHPy, showed minimal to no radical 

scavenger ability, generally less than 3% radical scavenging ability from 1-250 µM (Fig. 7). Asc 

was used as a reference radical scavenger and positive control for quenching DPPH•. The radical 

scavenging reactivity of Asc correlated with increasing concentration, plateauing at 95% radical 

quenched at approximately 25 µM. P-Py displayed no radical quenching ability, which mirrors its 

macrocyclic counterpart, PyN3.22 This result correlates with the attribution of radical scavenging 

reactivity with the pyridol moiety, which is not present in either P-Py or PyN3. Surprisingly, P-

OHPy displayed no radical scavenging character, unlike its macrocyclic counterpart OHPyN3, 

destabilizing our hypothesis.21 In order to better understand these results, we revisited the structural 
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possibilities of both OHPyN3 and P-OHPy. From previous studies, we know that OHPyN3 is able to 

tautomerize between the keto and enol tautomers in a pH dependent manner.21 H1 NMR analysis 

of P-OHPy and computational studies revealed that the keto tautomer is predominant within the 

solution (Fig. 8).26 These results thus suggest that the keto tautomer of P-OHPy is unable to provide 

radical scavenging reactivity for the ligand, unlike the keto tautomer of OHPyN3. Ergo, we have 

determined that the pyridol-radical-scavenging structural motif is not necessarily preserved when 

removed from the pyridinophane scaffold.  

 

 

Fig. 7- Pincers P-Py and P-OHPy displayed no radical scavenging reactivity, unlike the reference 

radical scavenger, Asc.  
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Fig. 8- H1-NMR of P-OHPy spectra, provided by group member Timothy Schwartz.26 The 

presence of HB suggests the predominance of the keto tautomer. 

 
 Next, IndPyN3 was also assessed for radical scavenging reactivity using the DPPH• assay. 

We hypothesized that the attachment of the indole moiety to the pyridinophane scaffold would not 

disrupt the radical scavenging reactivity of the indole moiety. For this study, BHT and OHPyN3 

were used as reference radical scavengers and we assessed each radical scavenger from 1-1500 

µM. Each molecule displayed increasing radical scavenging reactivity with increasing 

concentration, supporting our hypothesis that the radical scavenging reactivity of the indole moiety 

was preserved when attached to the pyridinophane scaffold (Fig. 9). In order to make simple 

quantitative comparisons between radical scavengers, the concentration range tested was fitted to 

a logarithmic scale in order to extrapolate the IC50 value for each radical scavenger (Fig. 10 and 
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Table 1). The reference radical scavenger, BHT, was determined to be the most potent radical 

scavenger, with an IC50 value of 155.4 ± 1.4 µM. When compared to the IC50 values of the 

pyridinophane ligands, 362.4 ± 1.3 µM for OHPyN3 and 386.9 ± 1.2 µM for IndPyN3, BHT was 

determined to be more potent as the pyridinophanes needed to be approximately 2.5 times more 

concentrated in order to quench 50% of the DPPH• available when compared to BHT. We also 

concluded from the determination of the IC50 values that OHPyN3 and IndPyN3 have comparable 

radical scavenging reactivity, as their IC50 values are approximate to each other and are on the 

same order of magnitude. Ergo, the attachment of the indole moiety to the pyridinophane scaffold 

does not disrupt the radical scavenging reactivity of the former. The observed radical quenching 

activity within MeOH by IndPyN3 warrants future studies exploring antioxidant character in 

aqueous environments. This study is not feasible in water due to poor solubility of DPPH• in 

aqueous solution and the potential quenching of the radical by water. Thus, we strategized 

assessing GRG ligand antioxidant character via intervention in fatty acid peroxidation, which 

would provide a clearer analysis of antioxidant character in an aqueous environments.  
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Fig. 9- IndPyN3 displayed increasing radical scavenging reactivity with concentration. 

 

 

Fig. 10- Radical scavenging reactivity evaluated against concentration of radical scavenger on a 

logarithmic scale from Fig. 9. 
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Radical Scavenger IC50 (µM) 

BHT 155.4 ± 1.4 

OHPyN3 362.4 ± 1.3 

IndPyN3 386.9 ± 1.2 

 

Table 1- IC50 values for each radical scavenger tested. 

 

 

II. Reducing ROS Generation by Halting Redox Cycling 

Ligands that are able to chelate and stabilize transition metals, preventing them from 

participating in redox cycling, contribute to a decrease in extraneous ROS production. As 

previously mentioned, metals, such as copper and iron, produce ROS in the presence of a reducing 

agent, the constant cycle of reduction and oxidation results in high amount of ROS production in 

aqueous solution. The Cu2+-Asc reaction is a well-studied model for redox cycling and ROS 

generation, as Asc readily reduces Cu2+ to Cu+; Cu+ is then readily reduces oxygen species, 

producing ROS, and completing the metal Cu(II/I) redox cycle.11, 12 ROS generation by the Cu2+-

Asc model can be tracked by coumarin-3-carboxylic acid (CCA), a mildly fluorescent water-

soluble fluorophore. When exposed to hydroxyl radical, CCA is converted to 7-hydroxy-CCA, 

which is intensely fluorescent.31 Thus, an increase in fluorescence over time, in the presence of the 

Cu2+-Asc system, suggests a conversion from CCA to 7-hydroxy CCA; this system is summarized 

by Fig. 11. Therefore, fluorescence acts as a proxy for levels ROS generation within the Cu2+-Asc 
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system, which is directly affected by the levels of free Cu2+ in solution. The application of ligands 

that are able to chelate and stabilize the Cu2+ oxidation state reduces the amount of free Cu2+ in 

solution that can undergo redox cycling and ROS generation, thus preventing an increase in 

fluorescence over time. In this study, we apply the Cu2+-Asc system to assess whether GRG ligands 

can stabilize the Cu2+ oxidation state, decrease ROS generation, and decrease fluorescence growth 

over time. 

 

 

 

 

Fig. 11- ROS generation via redox cycling of transition metal ions can be monitored via the 

fluorescence of CCA. 

Continuing with the study of the open-chain congeners of PyN3 and OHPyN3 (P-Py and P-

OHPy), we hypothesized that these molecules would be able to chelate and stabilize Cu2+ and 

reduce ROS generation, but to a lesser extent than their macrocyclic counterparts due to the 

absence of one aza center. Thus, we expected a slight decrease in fluorescent signal when 

compared to the macrocyclic congeners.  
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Fig. 12-P-Py is unable to halt Cu(II/I) redox cycling and subsequent ROS generation. 

 

 

Fig. 13- OHP-Py is unable to halt Cu(II/I) redox cycling and subsequent ROS generation, unlike 

its parent pyridinophane, OHPyN3. 
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 The results of the CCA assay reject our initial hypothesis. Both open-chain congeners fail 

to chelate and stabilize Cu2+. A steady increase in fluorescence can be observed with the 

application of both ligands, regardless of the use of ½ or 1 equivalent, in Figs. 12-13. The 

fluorescence increase approximated a similar trend to the positive control, Asc + Cu2+, for both 

ligands. From previous studies, we know that both pincers are able to chelate Cu2+, however these 

results suggest that the complexation of Cu2+ by either ligand fails to prevent Cu2+ from undergoing 

reduction by Asc.26 From these results, we can conclude that the use of an open-chain structure 

rather than a macrocyclic structure will result in the inability to stabilize the Cu2+ oxidation state 

from reduction by Asc, failing to prevent ROS generation by redox cycling.  

 

 

Fig. 14- IndPyN3 is increasingly able to halt Cu(II/I) redox cycling and subsequent ROS generation, 

corresponding with concentration. 
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Fig. 15- IndPyN3 halts Cu(II/I) redox cycling and ROS generation at a comparable level to 

OHPyN3. 

 Next, the ability of IndPyN3 to halt redox cycling was also determined. We hypothesized 

that the addition of the indole moiety to the pyridinophane scaffold would not disrupt the 

macrocyclic aza centers from stabilizing Cu2+ oxidation state and reduce ROS generation. The 

results from Fig. 14 suggest that IndPyN3 is able to reduce ROS generation via metal chelation. 

Compared to the increase fluorescent signal of the positive control, the presence of IndPyN3 results 

in a decreased fluorescent signal. This suggests that the formation of the IndPyN3-Cu22+ complex 

prevents Cu2+ from being reduced by Asc. Thus, complexed Cu2+ is unable to participate in redox 

cycling and contribute to ROS generation. Furthermore, an increased concentration of the ligand 

results in a larger decrease in fluorescent signal, thus, a larger decrease in ROS generation. The 
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fluorescent signal of 1 eq. of the ligand results in a decreased fluorescent signal, approximately by 

5000 RFUs, from the fluorescent signal of the ½ equivalent of ligand at the conclusion of the 8-

minute reading. When compared to OHPyN3, the application of 1 eq. of ligand results in comparable 

fluorescence levels, approximating the fluorescent signal of the negative controls (Fig. 15). 

Conversely, OHPyN3 was able to decrease the fluorescent signal by 2000 RFUs more than IndPyN3. 

This suggests that at ½ equivalence, OHPyN3 was slightly more effective at the stabilization of the 

Cu2+ oxidation state than IndPyN3. Overall, both ligands displayed comparable ability to stabilize 

Cu2+ oxidation state and prevent ROS generation, demonstrating that the addition of the indole 

moiety does not disrupt the macrocyclic pyridinophanes from halting redox cycling.  

 

III. The Effect of Copper Complexation on Antioxidant Mechanisms and Fatty Acid 

Peroxidation 

Lipid peroxidation threatens the structural and functional integrity of biologically prevalent 

lipids. Specifically, the most vulnerable component of biological lipids to peroxidation are 

unsaturated fatty acids. As mentioned, the presence of mis-regulated transition metals, such as 

Cu2+, catalyzes the peroxidation of fatty acids, forming hydroperoxides and compromising lipid 

function. The presence of these metal ions also catalyze oxidation of the hydroperoxides, 

converting them into a variety of secondary oxidation products.35, 36 Utilization of 2-thiobarbituric 

acid (TBA) results in a method to monitor fatty acid peroxidation, as TBA forms adducts with the 

secondary oxidation products of lipid peroxidation. These adducts can be monitored via UV/vis 

spectrophotometry. For example, the secondary oxidation product malondialdehyde (MDA) forms 

an adduct with TBA (Eq. 2), which can be detected at λmax = 532 nm.32, 33 
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 The application of ligands with antioxidant character offers a potential therapeutic option 

for combating fatty acid peroxidation. PyN3 and OHPyN3 have previously demonstrated 

antioxidant character, thus, we hypothesized that both ligands should be able to reduce fatty acid 

peroxidation by quenching ROS. The central question of our study is whether the complexation of 

both ligands with Cu2+ will disrupt the antioxidant character of the ligands enough to compete with 

the peroxidation process. We predict that the complexation of Cu2+ by both ligands, forming PyN3-

Cu2+ and OHPyN3-Cu2+ respectively, would not disrupt the antioxidant capabilities of the ligands 

via the pyridine backbone. We also predict that the radical scavenging reactivity of OHPyN3 will 

result in a larger decrease in fatty acid peroxidation, as the ligand will be able to quench free 

oxygen radicals unlike PyN3. By quenching ROS, these ligand complexes should prevent 

peroxidation of fatty acids, and subsequently reduce the formation of secondary oxidation 

products. This will result in reduced detection of the TBA-MDA adduct via UV/vis 

spectrophotometry, but also translate to less damage to plasma membranes, which are comprised 

of unsaturated fatty acids, within cells. The cellular effects of lipid peroxidation and proposed 

therapeutic measures are summarized in Fig. 16 and Eq. 2.  
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Fig. 16- The peroxidation of unsaturated fatty acids serves as a model for lipid peroxidation 

within the cellular membrane, which would lead to cell damage. 
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Equation 2- Malondialdehyde (MDA) serves as a marker for the peroxidation of unsaturated 

fatty acids and adducts with TBA to form a detectable species. 
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Fig. 17- 625 µM PyN3 demonstrates peroxidation activity after 2 hours of incubation (L), but 

slight antioxidant activity after 24 hours of incubation at 37℃ (R). 
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Fig. 18- 625 µM OHPyN3 demonstrates peroxidation activity after 2 hours of incubation (L), but slight 

antioxidant activity after 24 hours of incubation at 37℃ (R). 

Fig. 19-625 µM of both ligand complexes display peroxidation activity after 2 hours, but slight antioxidant 

activity after 24 hours of incubation at 37℃. 
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 We first assessed both ligand-copper complexes with 15 µM DHA at 2 hours and then 24 

hours. Strikingly, both ligand-copper complexes at 625 µM resulted in an elevated TBA-MDA 

adduct absorbance compared to the positive control after 2 hours of incubation (Figs. 17-19 [L]); 

PyN3-Cu2+ resulted in an increase of 0.15 abs while OHPyN3-Cu2+ resulted in an increase of 

approximately 0.1 abs. The TBA-MDA adduct absorbance of both ligand-copper complexes did 

not vary significantly from the positive control at 250 µM. From our hypothesis, we expected a 

decrease in the TBA-MDA adduct absorbance via antioxidant mechanisms, which would produce 

a decreased TBA-MDA signal such as that of BHT. These results suggest that at 625 µM, both 

ligand-copper complexes increased rates of fatty acid peroxidation, contrary to our initial 

hypothesis. Conversely, when the samples were incubated for 24 hours, we observed a comparable 

decrease in the TBA-MDA adduct absorbance in both ligand-copper complexes to the positive 

control at 625 µM (Figs. 17-19 [R]). Again, there is no significant difference from the positive 

control at 250 µM. From these results, we conclude that with 15 µM of DHA, a 2-hour incubation 

period results in peroxidation activity for both ligand-copper complexes, while a 24-hour 

incubation period results in a small amount of antioxidant character for both ligand-copper 

complexes at 625 µM. We hypothesize that the increased peroxidation activity at 2 hours could be 

the result of superoxide dismutase activity by both ligand complexes. As reported by Martínez-

Camerena et al., PyN3-Cu2+ displays superoxide dismutase character, readily converting the 

superoxide radical to hydrogen peroxide.37 Future studies will investigate the mechanisms that 

contribute to elevated fatty acid peroxidation at 2 hours, by both ligand-copper complexes.  
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CONCLUSIONS 

 Modification of the macrocyclic backbone to an open-chain structure disrupts therapeutic 

efficacy as demonstrated by both pincer molecules, P-Py and P-OHPy. The P-OHPy keto tautomer 

is unable to support radical scavenging reactivity by hydrogen abstraction unlike the keto tautomer 

of its pyridinophane congener, OHPyN3. Both pincers fail to halt ROS generation via redox cycling, 

as both molecules are unable to stabilize the Cu2+ oxidation state. The open-chain congeners are 

thus not viable options as therapeutics for targeting neurodegenerative diseases. IndPyN3 

demonstrated significant therapeutic efficacy, acting as a radical scavenger and stabilizing Cu2+ 

oxidation state from ROS generation to a comparable level to OHPyN3, warranting future ligand 

design and study that involves the indole-pyridinophane derivatives. Finally, PyN3 and OHPyN3 

complexes with Cu2+ have varying effects on fatty acid peroxidation depending on time. At 15 µM 

DHA, both ligand-copper complexes at 625 µM increased fatty acid peroxidation after 2-hour 

incubation. Conversely, after 24 hours, 625 µM of both ligand-copper complexes decreased the 

peroxidation signal via a small amount of antioxidant activity.  
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