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ABSTRACT: Alzheimer’s disease is a neurodegenerative
disorder characterized by the development of intracellular
neurofibrillary tangles, deposition of extracellular amyloid beta
(Aβ) plaques, along with a disruption of transition metal ion
homeostasis in conjunction with oxidative stress. Spectro-
scopic, transmission electron microscopy, and scanning
electron microscopy imaging studies show that 1 (pyclen) is
capable of both preventing and disrupting Cu2+ induced
AB1−40 aggregation. The pyridine backbone of 1 engenders
antioxidant capacity, as shown by cellular DCFH-DA
(dichlorodihydrofluorescein diacetate) assay in comparison to other N-heterocyclic amines lacking this aromatic feature.
Finally, 1 prevents cell death induced by oxidative stress as shown by the Calcein AM assay. The results are supported using
density functional theory studies which show that the pyridine backbone is responsible for the antioxidant capacity observed.
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A lzheimer’s disease (AD) is a debilitating disease that affects
over 5.4 million people currently, at an annual cost

exceeding 180 billion dollars in the United States alone.1−6

Physiological and molecular features include the deposition of
amyloid beta (Aβ) plaques, elevated levels of transition metals,
and oxidative stress.6−11 The exact mechanism leading to AD is
still not established, although amyloid is a component in many
hypotheses proposed to date.12−15 Recent attention has
implicated metal ions in the cascade leading to the physiological
and pathological hallmarks of AD, thus forming the “Metal
Hypothesis of Alzheimer’s Disease”.8,16−21

Transition metals are trace elements vital for normal
biological function because they serve as structural drivers,
cofactors, or reactive centers in proteins and enzymes.22,23

Fenton chemistry is defined by the oxidation of redox active
metal ions in their reduced from, such as Fe(II) or Cu(I), with
H2O2 to produce radicals that are known to cause DNA
oxidation, disruption of mitochondrial membrane potentials,
and lipid peroxidation.7,18,24,25 Redox chemistry of these
elements is tightly regulated throughout biology via regulatory
and chaperone systems, so that protein modification, in
conjunction with Fenton chemical reactions, producing cellular
oxidative stress will be avoided. Disruptions or alterations in the
redox potential of metal ion regulatory systems have therefore
been implicated in a number of disease states to date which
include Huntington’s, Alzheimer’s, Parkinson’s, and Lou
Gehrig’s disease, as well as macular degeneration and
Freidrich’s ataxia.7,9,18,24,25,28,29,31−37 For example, a histidine

rich binding site has been identified in Aβ1−40 or Aβ1−42.
12,26

Insoluble amyloid beta plaques have increased levels of copper,
zinc, and iron, while intracellular copper stores are deficient in
AD patients.6,8 Metal ion chelation by amyloid plaques gives
rise to concomitant free radical generation, resulting in
neuronal death.7,18,21,38−41 Furthermore, increased levels of
oxidative stress have been, in part, attributed to alterations in
the expression of superoxide dismutase, as well as protein metal
ion chaperones.39−47 Modifications in the levels of metal ion
chaperone expression associated with the signal transduction
pathway of glutamate receptors, for example, have also been
noted with concomitantly higher levels of cleaved amyloid
precursor protein to produce amyloid 1−40 and 1−42.48,49

Finally, aged populations naturally exhibit increased levels of
ROS due to decreased levels of antioxidants such as melatonin,
resulting in higher levels of oxidative stress. However, AD
models suggest more exacerbated levels of ROS, thus resulting
in AD progression.9,50−56

There is no effective or preventative protocol prescribed for
AD, nor have proposed therapies found success in symptom
alleviation of neurodegenerative decline associated with
AD.12,21,27,57 Many hypothetical pathways of AD have been
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targeted, with one taking aim at the metal-based hypothesis
proposed by Bush and co-workers.27,58−60 Synthetic targets
focused on inhibiting the interactions of Aβ with metal ions,
along with atypical metal ion homeostasis, are limited by ion
specificity, an inability to cross the blood brain barrier (BBB),
and/or biological compatibility.12,21,27,57,58 A compound finding
exception to these roadblocks has been evaluated in phase II
clinical trials.30,61 The chelator clioquinol (CQ) provided
improved cognition in mouse models, but its widespread use
has been terminated by the adverse side effect of subacute
myelo-optic neuropathy. The positive effects exhibited by CQ
encourage synthetic chemists to pursue the chelator strategy as
a route to potentiating the cognitive decline associated with
metal ion misregulation and plaque deposition. A second
generation congener of CQ, PBT2, has been produced and is in
phase II clinical trials.57,62 Studies of this compound showed
improved cognition in AD transgenic mice, and demonstrated
positive effects on the learning and memory in AD patients. In
contrast to this agent serving as a chelator as utilized in the
sense of typical metal-overload disorders, that is, removing
excess metal, the authors have shown that these compounds
can serve as neuromodulators by restoring the metal ion
imbalance for neurochemical communication pathways in-
volved in synaptic activity. When the “lost” metal ions that lead
to Aβ deposition are rescued by these synthetic chaperones,
their activities in the communication pathways are restored, and
Aβ clearance is elevated.57,62 With these results, the pursuit in
biologically compatible transition metal ion ligands as therapy
for AD is encouraged.27,58 There are a multitude of challenges
to overcome when designing a ligand for applications in
medicinal use such as biocompatibility, specificity, and efficacy.
60 Utilizing a rational design approach, this work focuses on the
use of pyclen (1) shown in Chart 1 as a metal ion passivation

and antioxidant agent based on this ligand’s specific metal-ion
binding affinity for copper(II) and zinc(II) along with built-in
antioxidant functionalities.63 The ligand is the backbone to
PCTA, a potential MRI contrast agent explored in recent years
and has been repurposed for this work.64−66

■ RESULTS AND DISCUSSION

Metal ions (copper and zinc) bind to a histidine rich domain in
amyloid producing Aβ in the form of insoluble plaques.16−20

This process has been comprehensively studied and described
in a number of recent reviews.12,21,27,58 The aggregation of
amyloid can be followed by simple spectroscopic techniques
such as turbidity and tyrosine fluorescence studies.67−70 These
methods were used to investigate the ability of 1 to dissociate
preformed amyloid aggregates upon addition of metal ions, as

well as prevent amyloid aggregation. As shown in Figure 1,
copper(II) or zinc(II) ion addition to a solution of amyloid1−40

results in a visibly turbid solution which scatters light with a
consequential increased absorbance signal, using absorption
spectrophotometry. The aggregation observed upon metal ion
addition can be reversed by coincubation of 1 for 4 h, indicating
dissolution of the amyloid aggregates. A visible dissolution of
the peptide solution is concomitant to the decrease in
absorbance signal. For comparison, we repeated this experi-
ment with 2 and 3 (Chart 1) previously studied by Hindo et al.
as Aβ disaggregating agents, which our studies corroborate.71

We used the known open-chain chelator EDTA as a positive
control, and our studies demonstrated that all ligands were
equally successful in disrupting turbidity of the aggregated
amyloids.67−69 In a similar study, the protective capability of 1
was compared to 2−4. The ligands (1−4) were first
coincubated with amyloid, and then metal ions were added.
The ligands displayed an ability to prevent metal-induced
aggregation of amyloid upon exposure to copper(II) or zinc(II)
salts (Figure S1, Supporting Information).
To further determine the capability of 1 to prevent or disrupt

metal ion induced amyloid aggregation, we studied Tyr
fluorescence intensity. Recent reports have also utilized the
natural fluorescence of the native Tyr10 in the Aβ1−40 sequence
to study the conformational dynamics of amyloid folding as it
relates to AD and/or production of H2O2.

72−75 As Tyr10 is
located within proximity to the metal binding pocket in Aβ1−40,
the fluorescence intensity of the phenolic side chain decreases
during the folding process due to environmental changes that
occur locally. This work was supported by circular dichroism
spectra, which verified that fluorescence intensity decreased as
the conformation of amyloid changed to β-sheets. Yang and
colleagues showed that this spectroscopic marker could be used
to follow the folding induced by the addition of copper ions to
amyloid, and related the production of H2O2 to this process.75

Our hypothesis was that Tyr fluorescence intensity should be
restored to control levels upon addition of 1−4 to a solution of
preformed metal aggregates, as shown below in Figure 2. These
results are consistent with the turbidity studies presented above.

Chart 1

Figure 1. Turbidity assay showing disaggregation of amyloid plaques
upon incubation (24 h at 37 °C) with 1−4. Solutions prepared in 15
mM KH2PO4/NaCl buffer. [Aβ1−40] = 200 μM, [CuSO4] or
Zn(OAc)2 = 400 μM, [chelator] = 800 μM. n = 3 for each sample.
When standard error of the mean are not depicted, they were too small
to graph.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300060v | ACS Chem. Neurosci. 2012, 3, 919−927920



Similar results were also obtained for amyloid samples
coincubated with 1−4 prior to metal ion addition (Figure
S2). That is, the ligand chelates show a protective capability by
preventing the production of aggregates as evidenced by higher
Tyr10 fluorescence signal compared to the control of amyloid
coincubated with copper(II) or zinc(II), which showed a large
decrease in signal intensity after 24 h.
Transmission electron microscopy (TEM) and scanning

electron microscopy (SEM) were utilized to study the
morphology of the aggregates with and without chelators, as
well.70,71,74,75 The TEM images shown in Figure 3 demonstrate

that 1 decreases the amyloid aggregate size by 1−2 orders of
magnitude compared to the copper aggregates. Grid (a) shows
the large aggregates formed by the addition of metal ions to
amyloid (scale 500 nm). Aliquots from the stock used to make
grid (a) were incubated with 1 for 12 h and then prepared for
microscopy. The sizes of the aggregates upon treatment with 1
are an average of 1−2 orders of magnitude smaller and
observably more diffuse, as shown in grid (b). The SEM images
in Figure S3 confirm the ability of the chelates to affect
aggregate size as well.
As increased levels of ROS are associated with AD, we set out

to investigate the antioxidant character of 1 compared to the

heterocycles 2 and/or 3. Initially, (Figure S5), we showed that
1 was capable of preventing the formation of the ABTS•−

radical most effectively compared to 2−4 at ligand concen-
trations of 100 μM. These results were standardized against
Trolox (a known antioxidant) with 1 providing 0.4 Trolox
equivalents and 2−4 resulting in values of 0.23, 0.11, and 0.15
respectively. Moreover, many of the pathways proposed to
produce ROS leading to AD pathology involve metal ions;
therefore, we utilized the Cu-ascorbate redox system, Scheme 1,

as a model to determine if the ligands could halt copper based
redox activity under aerobic conditions.7,9,18,22,24,25,50,51 This
system is a useful model for studying the brain as high levels of
oxygen and ascorbate are present, as described by Faller and co-
workers, who employed this system to investigate the redox
chemistry of amyloid systems with Cu.76 Coumarin-3-
carboxylic acid (CCA), which generates fluorescent 7-
hydroxy-CCA in the presence of hydroxyl radicals, was used
to quantify the reduction of oxygen by copper redox-cycling in
the presence of ascorbate. Figure 4 shows that copper and

ascorbate generate OH•− as measured by 7-hydroxy-CCA
which increases linearly for the first 5 min and then plateaus
around 10 min. This process is prevented entirely as shown in
the inset of Figure 4 when 1 or 3 is coincubated with the Cu-
ascorbate system, indicating these ligands are capable of halting
copper redox cycling via metal complexation. Next, the ability
of 1 to halt hydroxyl generation was compared to AB1−40, in
which Faller reports a decrease the Cu-Ascorbate redox cycle.76

The Cu-ascorbate system was initially coincubated with CCA
for 2 min, showing an increase in fluorescent signal as expected
(Figure S6). At this point either 1 or AB1−40 were added to the
Cu-ascorbate system, resulting in a leveling of the 7-hydroxy-
CCA signal. This indicated that the addition of 1 or Aβ1−40 was
able to halt the copper redox cycling due chelation of the metal-
ion. This redox silencing was verified by the addition of

Figure 2. Addition of ligands 1−4 to aggregated Aβ results in
reconstitution of Tyr10 fluorescence which was decreased due to
aggregate formation. Solutions prepared in 15 mM KH2PO4/NaCl
buffer. [Aβ1−40] = 200 μM, [CuSO4] or [Zn(OAc)2] = 400 μM,
[chelator] = 800 μM. n = 3 for each sample.

Figure 3. TEM Images showing (a) copper induced aggregation of
amyloid and (b) its dissolution by 1.

Scheme 1. Redox Cycling of Copper in the Presence of
Oxygen and Ascorbate to Produce OH·

Figure 4. Fluorescence intensity of 7-hydroxy-CCA after incubation of
CCA [100 μM] and ascorbate [300 μM] with CuII (■) [40μM].
Compound 1 (◇) and 3 (●) [40 μM] were added at t = 0 s prior to
CuII. Asc (▲) is a negative control with buffer and ascorbate only. All
solutions except Cu(NO3)2 (Milli-Q water only) were dissolved and
diluted in KH2PO4/NaCl [15 mM] buffer containing desferryl [2
μM]. Final volume = 4 mL, n = 3 for each sample.
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ascorbate to Cu(1) or Cu(Aβ1−40) in the presence of CCA
resulting in absence of a fluorescent signal during the 10 min
time scale.
Cellular studies were then carried out to evaluate the

intracellular efficacy and toxicity of 1. Preliminary screens
compared the cell viability of 1−4 in an FRDA cell line
(fibroblasts from a Friedreich’s ataxia patient) and ability to
negate oxidative stress. FRDA cells have higher levels of ROS
due to mitochondrial misfunction associated with frataxin
expression and therefore serve as a good model for ROS
protection. Figure 5 shows the normalized results of cell

(FRDA) viability studies with compounds 1−4 at 1 nM final
concentration. Calcein AM, a nonfluorescent, hydrophobic
compound that easily permeates intact, live cells, was used as an
indicator for cell viability. Calcein AM is hydrolyzed by
intracellular esterases producing calcein, a hydrophilic, strongly
fluorescent compound that is well-retained in the cell
cytoplasm. Compared to the control containing untreated
cells, incubation with either 1 or 3 exhibited >85% cell viability
at the concentration studied, a statistically significant increase
from cells treated with BSO (2-amino-4-(butylsulfonimidoyl)-
butanoic acid) alone, which had a cell viability of ∼45%
compared to control cells. Compounds 2 and 4 were less
efficatious, but still provided cell viability of greater than 60%.
These results confirm that the heterocyclic compounds are
compatible for use in cells by providing protection against
oxidative stress indcued by BSO. Moreover, the addition of the
pyridine ring (1) into the heterocylic core does not induce cell
death and, in fact, prevents ROS induced cell death most
effectively.
The antioxidant activity of 1 compared to 2, 3 was then

studied using the cell-permeable fluorophore 2,7′-dichlorodihy-
drofluorescein diacetate (DCFH-DA) as an indicator for ROS.
DCFH-DA diffuses into cells and is deacetylated by cellular
esterases to nonfluorescent 2′,7′-dichlorodihydrofluorescein
(DCFH). This species is subsequently oxidized to the highly
fluorescent 2′,7′-dichlorodihydrofluorescein (DCF) species in
the presence of ROS. The fluorescent intensity is directly
proportional to the amount of ROS present in cell cytosol.77

BSO was used to inhibit the first step of de novo glutathione
synthesis, allowing us to observe the elevated intracellular
[ROS] (Figure S4). The results of DCFH-DA cell culture assay

shown in Figure 6 indicate that 1 is the most effective
antioxidant at low nanomolar concentrations, significantly

attenuating the ROS produced by BSO, with only a 15%
increase of ROS over the negative control (media) when
compared to 2−4. These results are compared to the positive
control BSO-treated cells, with a nearly 1.8-fold increase in
ROS. Figure 7 shows that 1 is an effective antioxidant in the

1.25 nM to 1.25 μM range for the FRDA cell line as well. These
results are consistent with results from the Trolox antioxant
assay where we noted that pyclen shows a superior antioxidant
activity with and without metal ions present (Figure S5). This
was repeated in a neuronal cell line (HT-22), and 1 showed
antioxidant nature in the 1 mM to 125 μM range (Figure 8)
with a glutamate assault which results in cell death by oxidative
glutamate toxicity.78 A comparison of these results with the cell
viability studies discussed above shows that the pyridine ring of
1 is responsible for the antioxidant capacity observed. The
heterocyclic compounds 2 and 3 which showed cell viability
congruent to 1 with BSO assault (Figure 4) are structurally
similar to 1 except for the pyridine ring. While 1−3 are all
largely capable of preventing cell death induced by BSO, ligand
1 is capable of reducing ROS to the greatest extent, thus
resulting in the most effective protective capacity. We attribute
this to the pyridine core. We postulate that the ability to
prevent BSO induced cell death is a result of metal ion
scavenging capacity of these ligands 1−3. Such work is beyond
the scope of this study. An interesting feature to be noted from

Figure 5. Calcien AM viability assay of FRDA cells after 48 h exposure
to BSO [1 mM] with 1−4 [1 nM final]. n = 4 for each sample. *
indicates significance with a p value of <0.05.

Figure 6. DCFH-DA fluorescent response in FRDA cells after 12 h
exposure to BSO [1 mM] with 1−4 [4 nM]. n = 4 for each sample. *
indicates significance with a p value of <0.05.

Figure 7. DCFH-DA fluorescent response in FRDA cells after 12 h
exposure to BSO [1 mM] showing dose dependence with 1. n = 4 for
each sample. * indicates significance with a p value of <0.05.
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these cellular studies is the fact that 1 is capable of entering cells
and does not appear to interupt the vital functions of cytosolic
metalloenzymes via extraction metal ions from those
functionalities. This permeability and biocompatibility is a
characteristic that can be exploited in future studies and is
further supported by 1 being consistent with Lipinski’s rules
(Figure S7).79,80

We postulate that the observed antioxidant activity of 1 is
structurally correlated with the pyridine backbone, as evidenced
by the radical studies and incubation of ligands with cells in the
DCFH-DA cell culture assays presented above. Orvig and co-
workers have reported antioxidant activity with pyridine-like
aromatic chelators in separate studies as well.67−69 The
Weighardt group has computationally and spectroscopically
studied bipyridine-based chelates, and their studies prove that
the lowest unoccupied molecular orbital (LUMO) of the metal
derivatives are composed of mainly ligand π-character.81 As we
observed pyclen to be antioxant in the presence of copper ions,
this methodology was applied to 1−3 and their CuII derivatives
using density functional theory (DFT) (B3LYP, 6-311G (d,p
for copper complexes)) to show that the LUMO of 1 and Cu-
12+ is largely centered on the pyridine ring.82 As shown in
Figure 9, the highest occuppied molecular orbital (HOMO) of
1 has more electron density on the nitrogen atoms and the
LUMO of 1 is composed of >90% π-character as compared to 2
and 3 which have density dispersed throughout. Moreover, the
HOMO of 1 is higher in energy compared to 2 as well. The
other heterocyclic ligands 2, 3 lack these features, that is, the
LUMO being antibonding character alone. Ligands 2 and 3 lack
this component and therefore have the LUMO orbital spread
throughout the ligand set in an antibonding orbital centered on
the nitrogen atoms trans to one another, making reactivity less
favored. This is not suprising given that heterocycles containing
aromaticity are reported to be highly reactive toward radicals
produced via radiolysis of water and naturally react with the
heterocycles by addition.83−85 Pyridine containing analogs have
long been reported in the literature to be potent antioxidants,
which is attributed to the electron deficient nature of the
pyridine ring, with potency increasing as electron attracting
groups are added onto the ring. Such reactivity is well
documented, that is pydridine based compounds are known

to produce N-oxides upon incubation with H2O2.
86 To further

support this, 2 and 3 lack the pyridine ring but retain the
secondary amines in the heterocyclic core and show little
potency in the assays presented. The secondary amines,
therefore, are less prone to produce N-oxides than the pyridine
backbone. Interestingly, 2 and 3 do show a degree of
antioxidant capacity which we postulate to be an effect of the
redox tuning of the ligands on the copper ion, rather than
ligand composition itself.23,87

■ CONCLUSION

The misregulation of metal ions is known to produce ROS that
lead to neurological degradation associated with Alzheimer’s
disease in addition to their interaction precipitating amyloid
plaques. A molecular system capable of bimodal modulation of
the metal ions in amyloid as well as regulation of the increased
levels of ROS would prove useful in combating this disease. To
address these issues, we have shown that 1, a backbone
previously investigated for contrast agent imaging, may be
repurposed as a antioxidant chelator for disaggregating amyloid.
Spectroscopic and TEM/SEM imaging studies show its ability
to protect amyloid from copper ions and also disaggregated
amyloid aggregates as well. The antioxidant assays show that 1
has antioxidant capacity in vivo and protective cababilities via
Calcein AM studies. The DFT studies and direct reactions with
H2O2 show that the pyridine backbone is the key to this ability.

■ METHODS

All reagents were purchased from commercial sources and used as
received unless noted. Ligand, Cu(SO4), and Zn(OAc)2 solutions were
prepared in Milli-Q water and diluted to the desired concentration
using buffer (15 mM/15 mM) KH2PO4/NaCl. Each experiment was
performed in triplicate with a peptide to copper to ligand ratio of
0.5:1:2, respectively. Preliminary antioxidants studies (Trolox
equivalent assay) were carried out using the Antioxidant Assay Kit
available from Sigma-Aldrich.

Physical Methods. A Molecular Devices Spectra Max MS
microplate reader was employed to obtain the turbidity results.
Fluorescence measurements were recorded on a Varian Cary Eclipse
with voltage set to high, and instrument set to record the average of
three scans. HR-MS was performed using The Agilent 6224 Accurate-
Mass Time-Of-Flight (TOF) MS.

Figure 8. DCFH-DA fluorescent response to chelator 1 in HT-22 cell
line. Growth media serves as the positive control and is normalized to
100% while glutamate serves as the negative control. ZYC26 was 1 μM
and serves as a positive control for antioxidant ability. *** indicates
significance with a p value of <0.001.

Figure 9. Frontier molecular orbitals of 1 and 2 with the spin density
of 1· shown (see Supporting Information for methods and data).
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Preparation of Aβ1−40 Stock. Synthetic beta amyloid1−40
peptide was purchased from Twenty-First Century Biochem-
icals. A peptide stock solution was prepared by dissolving 1.9
mg of Aβ1−40 in 1 mL of buffer, followed by NaOH (20 mM,
300 μL). The solution was sonicated for 1 min then adjusted to
pH 7.4 using HCl (0.5 M, ∼10.5 μL). The solution was
sonicated for another minute and diluted to 200 μM using MQ
water. Any remaining stock was stored at −20 °C for later use.
Turbidity Studies. Two separate turbidity studies (absorb-

ance at 405 nm) were performed using amyloid, copper or zinc,
and ligands: (1) to determine disaggregation capability and (2)
to determine preventive capability of copper induced beta
amyloid formation. Turbidity studies were repeated with
HEPES buffer (0.02 HEPES, 0.154 M NaCl, pH = 7.4) giving
identical results.
a. Disaggregation. Zinc(II) acetate or copper(II) sulfate

solution (400 μM, 40 μL) was added to a solution of Aβ40
(200 μM, 40 μL) and incubated at 37 °C for 1 day. After
incubation the ligand stock solutions were added (800 μM, 40
μL) to aggregated peptide solution and incubated for a further
12 h at 37 °C. For analysis of turbidity, 20 μL sample aliquots
were diluted with buffer (180 μL) and absorbance recorded
using a microplate reader (Softmax Pro M5). The value of the
blank absorbance was subtracted from each sample value.
b. Preventative. Ligand stock solutions (800 μM, 40 μL)

were added to a solution of Aβ40 (200 μM, 40 μL) and
incubated for 5 min at room temperature followed by addition
of Zn(OAc)2 or CuSO4 (400 μM, 40 μL). All samples were
incubated at 37 °C for 1 day. Absorbance measurements were
carried out in the same manner as described above.
Tyrosine Fluorescence. Tyrosine fluorescence studies

were carried out on samples used for the turbidity experiments.
For sample preparation, 50 μL of sample was diluted with 270
μL of buffer and agitated for 30 s. Excitation and emission
values utilized were 278 and 305 nm, respectively.
TEM Imaging. The samples were prepared by incubating

amyloid [100 μM, 37°, 24 h] or aggregated amyloid [100 μM]
in the presence of ligand chelates (100 μM). Roughly 5 μL of
sample was placed onto copper grids (Formar/Carbon 300
mesh purchased from Ted Pella Co.) for 2 min, washed with
doubly deionized water (5 μL), and then stained with 3%
uranyl acetate (5 μL), washed again, and then dried.
SEM Imaging. The samples were prepared by incubating

amyloid [100 μM, 37°, 24 h] or aggregated amyloid [100 μM]
in the presence of ligand chelates (100 μM). Then 10 μL of
sample were dropped on a silicon dioxide wafer, air-dried
followed by an additional 10 μL. The samples were sputtered
with gold to a thickness of 7 nm using a Hummer VII gold
sputtering system. Images were obtained on a JEOL JSM-6100
scanning electron microscope, with voltage set at 30 kV and
magnification from 20× to 550×.
Ascorbate Studies. All solutions were prepared in

KH2PO4/NaCl [15 mM] buffer containing desferryl [2
μM],76,88 except Cu(NO3)2 which was dissolved and diltued
in Milli-Q water. Final sample volume = 4 mL. Each expeirment
was performed in triplicate. Hydroxyl radical production was
followed measuring the conversion of CCA into 7-hydroxy-
CCA (λex = 395 nm, λem= 450 nm). General order of addition:
CCA [100μM], ligand or copper [40 μM], and then ascorbate
[300μM].
DCFH-DA Assay. Fibroblasts obtained from a 30 year old

FRDA patient from The Coriell Institute (Camden, NJ) were
kept in Dulbecco’s modified Eagle's medium (DMEM;

ThermoScientific, Waltham, MA) with 10% charcoal-stripped
fetal bovine serum (FBS; ThermoScientific), 1% GlutaMAX
(ThermoScientific), and 1% penicillin−streptomycin (Invitro-
gen, Carlsbad, CA) at 37 °C, 5% CO2, and 90% humidity. HT-
22 cells were prepared in a similar manner. The FRDA or HT-
22 cells were plated at 5000 cells per well on a 96-well plate and
then treated for 12 h with either ligands (various concen-
trations) and/or BSO (1 mM). After 12 h of treatment, the
media was removed from each well of the 96-well plate, and
100 μL of 1 μM 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA; AnaSpec Inc., Fremont, CA) in phosphate buffer
(PBS) was added to each well. The plates were returned to a 37
°C incubator for 20 min, each well was washed three times with
PBS, and then the plate was read on a Tecan Infinite M200
plate reader with an absorbance of 495 nm and an emission of
529 nm.

Calcien AM Cell Viability Assay. FRDA cells were plated
on a 96-well plate at a density of 3000 cells per well and then
treated with ligands (various concentrations) and/or BSO (1
mM). After 48 h of BSO and ligand treatment, the media was
removed, 1 μg/mL Calcein AM (CalBiochem, San Diego, CA)
in phosphate buffer pH 7.2 (PBS; Fisher Scientific, Pittsburgh,
PA) was added to each well, and the plate was incubated for 10
min at 37 °C. Cell viability was determined with a Tecan
Infinite M200 plate reader with an excitation of 490 nm and
emission of 520 nm.

Density Functional Theory Calculations. Gas phase
DFT calculations were performed using a hybrid functional
(B3LYP) as implemented in Gaussian 08 using crystal
structures obtained from the CCDC. All atoms were optimized
using the 6-311G basis set (+ and/or ++), while d,p was added
for the metal based calculations.41 A frequency calculation of
each showed the there were no imaginary frequencies,
supporting a stable ground state. All calculations were
compared to crystal data and are in good agreement as
shown in Tables S1−S6. The .chk files of the optimized
geometries were used to produce the electrostatic potential
plots and HOMO/LUMO orbital overlays in GaussView.
These were used to calculation the orbital contributions for
each atom (Tables S7−S12).
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