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ABSTRACT 

Sensing amyloid aggregation using photoluminescent ruthenium(II) probes 

 

by 

Nathan Patrick Cook 

Photoluminescent transition metals have been widely used to detect a 

variety of biological molecules, including the seminal work of a ruthenium(II) ligand 

for the “light-up” detection of DNA in 1990. This thesis focuses on the novel 

application of ruthenium(II) ligands for the detection of aggregated amyloid 

proteins, such as amyloid-β and α-synuclein. Ruthenium(II) probes such as a 

[Ru(bpy)2dppz]2+ and [Ru(phen)2dppz]2+ demonstrate unique photophysical effects 

(widely known as light-switching) due to their environment sensitive 

photoluminescent emission. For example, both complexes are highly emissive in 

acetonitrile or when mixed with DNA, but are non-emissive when in aqueous buffer.  

An overview of fluorescent probes used in the detection of amyloid will be 

provided in Chapter 1. The first use of [Ru(bpy)2dppz]2+ for the detection of amyloid 

fibrils will be discussed in Chapter 3. The use of [Ru(bpy)2dppz]2+ and 

[Ru(phen)2dppz]2+ for the detection of α-synuclein aggregates both in vitro  and in 

cell culture will be discussed in Chapter 4. An explanation of plausible binding 

modes will be discussed in Chapter 5. For exploration of isomer binding effects (Δ 

and Λ) will be explained in Chapter 7. 



 
 

Depending on the protein and method, amyloid fibril formation can occur on 

the timescale from almost instantaneous transformation to aggregation over the 

course of several days, if not weeks. Chapter 2 will provide a method to incubate a 

large sample of amyloid in highly reproducible batches that can be measured across 

several different instrumentation types. 

Methods to identify plaque formation are vital for developing drugs for the 

treatment of amyloid related diseases. Chapter 6 discusses the use of Ruthenium 

Red as a birefringent probe for the detection of amyloid fibrils and plaques. 
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Chapter 1 

Overview of fluorescent probes for the detection of 

amyloid aggregates 

1.1. Introduction 

Amyloid proteins are a broad class of proteins that despite little primary 

sequence homology, have long unbranched fibrillar structures that demonstrate a 

cross-β diffraction pattern.1 Amyloid proteins have been implicated in a wide 

number of diseases including neurological diseases such as Alzheimer’s and 

Parkinson’s disease,2,3 motor neuron diseases like amyotrophic lateral sclerosis 

(ALS),4  and diabetes,5 among others. Amyloid proteins are recently being 

recognized as having biologically relevant functions as reviewed by Fowler et al.6 

and applications in materials development, such as a the formation of nanowires.7 

The aim of this review is to highlight how fluorescence spectroscopy has aided in 

our understanding of amyloid self-assembly and to summarize many of the probes 

that have been developed to study these aggregates. Several excellent reviews have 
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already been produced highlighting key developments in probe synthesis, such as 

conjugated polythiopenes,8 amyloid proteins and membranes,9 Thioflavin T (Figure 

1) and  Congo Red,10 and fluorescent detection of amyloid,11,12 this review will 

expand on those developments and include summaries on the role of 

photoluminescent transition metals in the detection of protein aggregation and an 

overview of covalent modifications to the protein backbone for intrinsic fluorescent 

detection of amyloids.  

 

Figure 1 Thioflavin T 

1.2. Understanding fibrillization using fluorescence 

measurements 

Numerous techniques exist to measure the transition of amyloid monomers into 

higher order aggregates; however, one of the most widely accessible techniques is 

the use of fluorescent measurements to detect changes in the amyloid aggregation 

state. Since the initial work by Naiki et al.13 and Levine14 using ThT to detect peptide 

aggregation, various fluorescent methods have led to considerable advances in our 

understanding of amyloid proteins.  Given the paucity of high-resolution data, 

careful fluorescence measures have shaped our understanding of amyloid kinetics, 
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identified inhibitors of fibrillization, and elucidated small molecule interactions with 

amyloid. 

Hellstrand et al. have published detailed methods for optimizing fluorescent 

based kinetic assays with amyloid-β.15 The result of their work has been to elucidate 

key factors in determining the kinetics of aggregation as wells as to isolate factors 

leading to experimental irreproducibility. In their work they find that the peptide 

concentration plays a large role in the rate of aggregation and a lower minimum 

concentration of 0.2 µM for Aβ1-42 fibril formation. Perhaps most importantly was 

confirmation that Aβ aggregates in a predictable manner, rather than stochastically. 

In a clever attempt to circumvent the detection capabilities of ThT, Arosio and co-

workers developed a chain reaction assay that utilized a “trap and seed” method to 

enhance the detection limit of pre-fibrillar species.16 The basis of the technique is 

outlined in Figure 2 The results by Arosio et al. found that within 6 minutes of 

incubation isolatable propagons were detected that had considerable effect on the 

lag time of fresh monomers. The work further suggests that there is a slow step 

involving the formation of a primary nucleus, then a rapid secondary step where 

previously formed fibrils enhance the rate of fibrillization. This work is supported 

by covalently modified amyloid work by Garia and Frieden17 which identified a 

rapid oligomerization during the lag phase. 
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Figure 2 During the course of assay, “propagons” are isolated (A) and then 
incubated with fresh monomer (B). The greater the concentration of propagons will 
reduce the lag phase of subsequent monomer addition (C). Image reproduced with 
permission from Arosio, P.; Cukalevski, R.; Frohm, B.; Knowles, T. P. J.; Linse, S. J. Am. 
Chem. Soc. 2013, 136, 219. 

 Jameson et al. highlight a number of studies, methods, and criteria for using 

fluorescent probes to study amyloid aggregation.18 They also caution that numerous 

interferences such as quenching or probe displacement should be taken into 

account when determining whether or not inhibition is actually taking place. For 

example, Ryu et al. found that adding glycerol to a solution of Aβ significantly 

decreased ThT fluorescence, but upon examination by AFM fibrils were readily 

observed.19 This suggests that the glycerol and ThT have a secondary interaction, 

which obscures the “true” interaction of ThT with fibrils. The lessons of Jameson and 

co-workers stress the need to complement fluorescence based assays with 

additional methods such as light-scattering or TEM to truly assess the impact an 

inhibitor has in amyloid aggregation.    
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 Given the lack of crystal structures for most amyloid fibrils, many 

computation and experimental attempts have been made to identify key residues 

that foster interactions between fluorophores and the amyloid fibril. These 

interactions are critical in understanding the “pharmacophore” of amyloid and 

designing new probes and drugs to interact with these structures. Work from the 

Eisenberg lab co-crystalized a small section of the Aβ protein (KLVFF) with Orange-

G represents one of the few studies detailing the interaction of an amyloid peptide 

with an amyloid probe.20  

Lockhart et al. detailed three possible binding sites along the Aβ fibril using 

fluorescent binding assays with ThT. They found a high binding low occupancy site 

every 300 residues and a high occupancy lower binding site the cover ~4 and ~35 

residues respectively.21  Computational and experimental work with 

[Ru(bpy)2dppz]2+ identified key residue interactions between Phe20 and Val18 for 

the photoluminescent light-switching effect seen with Aβ fibrils and eliminating 

those residues greatly diminished the photoluminescence of the complex.22 

 The value in high quality characterization of small probe interaction can be 

seen with the rational design of inhibitors to carefully target amyloid with specific 

actions in mind. For example, Lee and co-workers developed a metal chelating 

probe incorporating the amyloid binding stilbene motif23 while Suthsarsan et al. 

developed amyloid inhibitors utilizing the well-known molecular motor motif from 

ThT.24  
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1.3. Molecular Motors 

 

Figure 3 Auramine-O from Amdursky and Huppert.25 

Thioflavin T was first used with synthetic Aβ in 1993 by Levine.14 ThT had 

been previous investigated on other amyloid materials by Naiki et al13. ThT is likely 

one of the most commonly used diagnostic tools for detecting amyloid fibrillization 

and is used in a wide variety of amyloid materials including Aβ, insulin, α-synuclein, 

among others. Despite the widespread use of ThT with amyloid, its binding 

mechanism to amyloid is still subject to considerable research.26-29 Given the high 

affinity of ThT for amyloid, it has served as a scaffold for a wide number of dyes both 

to improve its binding affinity and for possible in vivo applications. Benzothiazole 

aniline (BTA) removed the charge on the heterocyclic nitrogen significantly 

improved the affinity to amyloid (40 fold increase).30There are several excellent 

reviews which summarize the contribution of ThT and derivatives to the field.10,31  

Another example of a molecular motor type probe is Auramine-O (AuO) 

(Figure 3). AuO experiences a restriction in free rotation upon binding to insulin 

fibrils, resulting in a large increase in fluorescence. Interestingly, the absorbance of 

AuO blue-shifts by 54 nm and the emission maximum red-shifts by 60 nm during the 

transition of a primarily monomeric sample to fibrillar insulin.25 
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  Quinoaxilines derivatives developed Benzeid et al. demonstrated a red shift 

in fluorescence (compared to ThT) with a large Stokes shift of 132 nm.32 The 

increased hydrophobic character of the probe along with the removal of positive 

charge found on ThT could explain the improved binding constant, which is 

consistent with other ThT derivatives. 

1.4. Congo Red and derivatives  

Congo Red (CR), while not fluorescent, is known for its birefringence when 

interacting with amyloid under cross-polarized light (Figure 4). 

  

Figure 4 Congo red with Aβ. Left image is under normal illumination, right image 
shows apple green birefringence with cross-polarization (unpublished data). 

Given the high affinity for CR to amyloid, it has served as a scaffold for 

numerous fluorescent derivatives. One such, K114 ((trans,trans)-1-bromo-2,5-bis-

(4-hydroxy)styrylbenzene) was one of the first CR derivatives able to identify a 

number of amyloid fibrils (Aβ, α-synuclein, and tau)in solution.33 Other well-known 
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CR derivatives have been designed to improve the fluorescent and in vivo detection 

capabilities of CR include X-34 ((1,4-bis(3-carboxy-4-hydroxyphe-nylethenyl)-

benzene),34 BSB ((trans,trans)-1bromo-2,5-bis(3-hydroxycarbonyl-4-

hydroxy)styrylbenzene),35 and Chrysamine G.36 

1.5. Aggregate induced emission 

 

Figure 5 BSPOTPE anion from Hong et al.37 

Work by the Tang group has led to the development of probes which are non-

emissive in aqueous solution, but highly emissive when aggregated into a 

supramolecular assembly.38 Given the supramolecular assembly of amyloid 

monomers into fibrils, these types of probes would seem like a good match for fibril 

detection. Hong et al. developed a series of tetraphenylethlyene (TPE) probes  and 

found that the sodium salt of 1,2-bis[4-(3-sulfonatopropoxyl)phenyl]-1,2-

diphenylethene (BSPOTPE) was useful in the detection of insulin fibrils (Figure 5).37 

Furthermore, depending on the concentration of the BSPOTPE, insulin fibrillization 

could be detected in real-time (ex situ assay) or inhibited entirely. 
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1.6. Carbazole derivatives 

 

Figure 6 Carbazole backbone from Yang et al.39 

A series of carbazole derivatives were developed that demonstrated minimal 

affinity to monomeric Aβ1-40 (~1-6 fold increase) and substantial increase when 

mixed with fibrillar Aβ (4.2 – 81.5 fold increase), the change in fluorescence they 

attribute to an inhibition in molecular rotation upon interacting with fibrils.39 While 

binding sites remains to be explored, a significant increase in binding affinity is 

observed by giving the R substitutions more aromatic character (2 benzyl rings 

instead of 1). Furthermore, modifications such as replacing a methyl group with an 

ethanol substitution led to significant enhancements in fluorescence and fibril 

inhibition. The derivative SLOH was found to be a strong inhibitor of fibril formation 

and was able to pass the blood brain barrier and label plaques after a tail-vein 

injection. 
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1.7. Luminescent conjugated polyelectrolytes (LCP) 

 

Figure 7 PTAA monomer 

The use of LCPs for the detection of amyloid was recently review by Nilsson, 

however, the essential details will be briefly summarized here.8 Polythiophene 

acetic acid (PTAA) (Figure 7) was initially used to monitor lysozyme and insulin 

fibrillization which a characteristic red shift from 550 to 580 nm as the proteins 

fibrillized.40 A modified LCP penta-formylthiophene acetic acid (p-FTAA) was 

developed by Hammarstrӧm and co-workers for the pre-fibrillar detection of 

insulin, lysozyme, and PrP proteins, and shows a significant increase in fluorescence 

nearly 1 hour before ThT began detecting aggregates.41 Even at high concentrations 

p-FTAA was found to have little inhibitory effect on fibril formation, making it an 

ideal probe for studying amyloid. One of the more interesting features of LCPs is 

their ability to display distinct fluorescent signatures depending on the 

conformation state of the amyloid protein.42-44 By modifying the scaffold 

enhancements were made in distinguishing native and fibrillar amyloid. Recently, p-

FTAA has also be utilized for the superresolution imaging of α-synuclein.45 
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1.8. Transition metal complexes 

Considerable research has been done utilizing transition metal complex as 

inhibitors for amyloid formation,46,47 yet to date, few researchers have utilized 

transition metal complexes as probes for amyloid proteins. One of the first 

spectroscopic applications of transition metal complexes with amyloid was by Man 

et al.48 They developed iridium and rhodium materials that coordinated with the 

histidine residues in the Aβ1-40 to suppress fibrillization. However, not only was 

fibrillization suppressed when co-incubated with monomers, but a noticeable 

increase in photoluminescence was observed in the presence of histidine and 

histidine containing peptides like Aβ (monomeric Aβ was 56 times more intense 

than the complex alone,  and 134 brighter when incubated with fibrils).49 

Research in our group has led to the utilization of Ruthenium(II) complexes 

for the detection of various amyloids such as Aβ50 and α-synuclein.51 Commonly 

used as a DNA light-switch,52,53 [Ru(bpy)2dppz]2+ (bpy = 2,2′-bipyridine; dppz = 

dipyrido[3,2-a:2′,3′-c]-phenazine) has never been employed as a sensor for amyloid 

aggregation. Metal complexes have several advantages over commonly used organic 

probes such as longer photoluminescent lifetimes and large Stokes shifts. We 

utilized the long photoluminescent lifetime of the Ru(II) complex (an average 

biexponential lifetime with fibrillar Aβ of 185 ns) to time-gate a competing yet 

short-lived fluorescent dye (Rhodamine B with a monoexponential lifetime of 1.6 

ns). By only counting photons 350-700 ns after excitation, we were able to track 
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protein fibrillization in a sample that otherwise looked unchanged with steady-state 

measurements.50  

We extended that study to evaluate the suitability of Ru(II) complexes with 

other amyloid proteins, such as α-synuclein.51 The complexes [Ru(bpy)2dppz]2+ and 

[Ru(phen)2dppz]2+ (Phen = 1,10-phenanthroline) were evaluated as probes for real-

time aggregation and as probes for αS in cell culture, with the 1,10-phenanthroline 

complex demonstrating superior photoluminescence. Given that the light-switching 

behavior emerges from shielding of the phenazine nitrogens, we hypothesize that 

the bulkier and more hydrophobic phenanthroline ligands better shield the complex 

when it interacts with protein, increasing the photoluminescent response.  We 

investigated the use of these complexes with HeLa cells. The complexes were unable 

to pass through the cell membranes (data unpublished) but with fixed HeLa cells, 

we were able to identify protein aggregates that correlated with both the 

commercial ProteoStat dye and with the transition metal complexes. Increasing the 

hydropobicity of the ligands may allow for the detection of amyloid in cells without 

the need to puncture the cell membranes.54 

To rationalize the light-switch effect observed with Aβ1-40 we recently 

reported on a binding model that is supported by both experimental and simulation 

data.22 We hypothesize that the formation of a hydrophobic channel between Val-18 

and Phe-20 creates a hydrophobic cleft responsible for the light-switching effect 

between monomer and fibril (Figure 8). To test this hypothesis, we formed fibrils 

from a peptide fragment (Aβ25-35) which lacks that hydrophobic valley. We observed 
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a substantial increase in photoluminescence from the full sequence fibrils, but only a 

minimal increase in photoluminescence from the fragment, both fibrils where 

sensitive to ThT and readily observed with TEM. The idea of binding channels along 

the fibril axis is well supported with computational studies on Congo Red and ThT.26 

  

Figure 8 The non-covalent interaction of [Ru(bpy)2dppz]2+ in a hydrophobic valley 
consisting of Phe20 and Val18. Reprinted with permission from Cook, N. P.; Ozbil, 
M.; Katsampes, C.; Prabhakar, R.; Martí, A. A. J.  Am. Chem. Soc. 2013, 135, 10810. 

While not themselves fluorescent, recent work has led to functional metal 

complexes with a metal chelating portion (N-(2-pyridylmethyl)amine) and an 

amyloid recognition element (ThT/vanillin) were developed.55 Interestingly, while 

the compounds inhibited fibril formation, they in turn promoted the formation of 

soluble oligomers. 
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1.9. Perlyene 

Perylene tetracarboxylic acid diimide (PTCDI) was used by Li et al. to 

distinguish various stages of Aβ1-40 aggregation. The basis for the assay is the self-

quenching of fluorescence as PTCDI binds Aβ, and multiple PTCDI-Aβ.56 The authors 

speculate, that a single monomer provides a weak binding surface, while a larger 

surface such as a fibril or oligomer brings many PTCDI units   Furthermore, the 

group was able to screen inhibitors of amyloid aggregates, such as Bis-ANS as a  

1.10. Nanomaterials 

Quantum dots and other nanomaterials have been widely used as potential 

inhibitors of amyloid formation,57,58,59 but are not widely used in the detection of 

amyloid. Since these materials are considerably larger than the peptides they are 

intended to study, there are considerable limitations for their use in routine analysis 

of amyloid aggregation. However, clever labeling and incorporation of QDs into the 

peptide backbone have led to novel sensing applications. Tokuraku et al. developed 

one of the first probe based applications of QDs with Aβ. In their work, PEG coated 

QD was linked to Aβ via a cysteine residue, and at high concentrations the 

researchers found only oligomeric or monomeric Aβ, but at a concentration of 0.1% 

labeled/unlabeled fibrils formed and incorporated the QD-Aβ material.60 Ishigaki et 

al. further applied this work to develop a screening platform for inhibitors of Aβ. 

One advantage of incorporating the aggregate sensor into the amyloid backbone is 
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the reduction of false-positives where the inhibitor displaces a probe, like ThT, 

rather actually inhibiting fibril formation is reduced.59  

Roberti et al. labeled Qdot605 with biotinylated αS and found the QDs were 

potent promoters of aggregation.61 With nanoparticle concentrations lower than 5 

nM, they were able to observe significant promotion of αS both in vitro and in cell 

cultures, suggesting the use of QDs as a scaffold for studying amyloid aggregation. 

1.11. Far-red emissive probes 

Considerable work has been done developing radiolabels for nuclear imaging 

of amyloid in vivo, however, nuclear imaging has significant costs (such as dealing 

with short half-lives) and imaging limitations (such as tissue contrast), so novel far 

red emissive probes are desirable.62 The NIR optical window is small range of 

wavelengths (600-900 nm) that are mostly transparent to cells and tissues, making 

probes that absorb and emit in this range optimal for imaging. 

1.11.1.1. A0I897 

The engineering behind the probe A0I987 was based off the core structure of 

bridged oxazine dyes to idealize lipophilicity, amyloid detection, and spectral 

properties. A series of probes were developed yet A0I987 had the most red shifted 

absorption (650 nm), a high quantum yield (41% in serum) and low Kd of 

approximately 200 nM. The compound readily passed through the blood-brain 
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barrier and was able to identify plaques in transgenic APP23 mice with intact 

craniums.62 

 

Figure 9 AOI987 NIR probe from Hintersteiner et al.62 

1.11.1.2. NIAD-4 

 

Figure 10 NIAD-4 NIR probe from Nesterov et al.63 

Nesterov and co-workers developed a series of NIAD probes and reported on 

[[5’-(4-hydroxyphenyl)[2,2’-bithiophen]-5-yl]methylene]-propanedinitrile (NIAD-4) 

as a diagnostic for amyloid plaques.63 Considerations in the design included a 

structure that would rigidify upon binding amyloid, reducing its radiation-less 

decay, which promotes enhancement in the quantum yield. Upon binding of amyloid 

fibrils, the absorbance of NIAD-4 undergoes a bathochromic shift of approximately 

70 nm to around 500 nm. The emission maxima remained unchanged, but 

demonstrated a 400 fold increase in fluorescent intensity when binding fibrils. 
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Detection of amyloid plaques was seen after injection of the probe through the tail 

vein using multiphoton imaging. Work by Brandenburg et al. tested different coiled-

coil peptides and found that NIAD-4 was selective for amyloid-like fibrils and could 

detect fibril formation under conditions that preclude the use of ThT.64 

1.11.1.3. THK-265 

 

 

Figure 11 THK-265 NIR probe from Okamura et al. 

The compound THK-265 has excitation (639 nm) and emission (657 nm) in 

serum and demonstrated a slight increase in fluorescence in the presence of Aβ1-40 

(3.6 fold increase) and Aβ1-42 (6 fold increase) with a Kd of 97 nM. THK-265 

demonstrated the potential to label amyloid plaques and tangles both ex vivo and in 

vivo.65,66 

1.11.1.4. Donor-Acceptor Near IR Fluorescence (DANIR) probes 

Work by Cui et al. developed a donor-acceptor probe that displayed a 12 fold 

increase in fluorescence over the probe alone when bound to Aβ1-42 fibrils and was 

able to pass the blood brain barrier for NIR plaque imaging in mice. The design of 

the molecule was a rational attempt to minimize size, idealize lipophilicity, and red 
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shit absorption and emission as much as possible, and incorporate amyloid binding 

motifs (Figure 12. Furthermore by increasing the conjugation of the double bonds, 

excitation maxima were pushed to nearly 600 nm with emission at 665 nm and the 

Kd was lowered from 1950 nM to 26.9 nM. 

 

Figure 12 DANIR probe from Cui et al.67 

1.11.1.5. Curcumin Derivatives 

Curcumin and derivatives 

In 2005, Yang et al. demonstrated a profound inhibitory effect on Aβ fibril 

formation with curcumin (Figure 13) as well as the ability to label amyloid 

plaques.68   Unfortunately, despite curcumin’s many pharmaceutically useful 

properties, it is mostly unavailable for routine experiments due to its poor solubility 

in aqueous buffers. A number of derivatives have been developed to mimic and 

improve upon the detection capabilities of curcumin. Reinke and Gestwicki did a 

small library screen, demonstrating that the spacing between the two phenyl groups 

of curcumin is ideal for Aβ binding.69  



 19 

 

Figure 13 Structure of curcumin and its keto-enol tautomerization 

Ran et al. inserted a difluoroboron ring to red shift the emission of curcumin.70 The 

modified curcumin, abbreviated CRANAD, had low nM dissociation constants and a 

high affinity to Aβ plaques and fibrils. Furthermore the modifications allowed the 

substance to pass the blood brain barrier, allowing for in vivo detection of amyloid 

in Tg2576 mice. Additional derivatives of the CRANAD backbone were developed by 

Zhang et al. to detect soluble Aβ aggregates.71 Their work details a number of key 

structural modifications on the CRANAD backbone to prevent fibril formation 

(CRANAD-17) or to detect soluble Aβ (CRANAD-58). Interestingly, modifications 

with CRANAD-17 were able to prevent copper cross-linking of Aβ by disrupting the 

chelating potential of His-13 and His-14, validating the proposed binding site 

(residues 13-20).  Work by Liu et al. has led to the development of bifunctional 

curcumin derivatives where curcumin acts on one end is covalently linked to 

cholesterol.72 The material binds monomers, oligomers and fibrils with low 

micromolar affinity. Furthermore, the authors demonstrate the potential of the 

compound to stain plaques and pass the blood brain barrier. 
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1.11.1.6. BODIPY and derivatives 

Boron dipyrromethane (BODIPY) have widespread use as fluorescent 

indicators for a wide variety of materials.73 Recent work has focused on the 

application of BODIPY for the detection of soluble Aβ as well as for in vivo detection 

of plaques. Smith et al. used real-time circular dichroism to monitor the transition of 

Aβ from α-helix to a β-sheet conformation well known to amyloid aggregates. They 

further developed BODIPY probes utilizing Click chemistry, that showed diminished 

fluorescence in buffer and with disordered peptide, but a 35 fold increase in 

fluorescence in the presence of ordered, β-sheet rich amyloid.74 Interestingly, the 

real-time fluorescence measurements showed a linear increase in fluorescence 

rather than the commonly observed sigmoidal plot seen with typical assays. Follow 

up work by Laramie and Dzyuba attempted to red-shift the excitation and emission 

of BODIPY.75 Their probe demonstrated a 16-fold increase in fluorescence with 

ordered Aβ oligomers with emission near 670 nm. The robust nature of BODIPY 

makes it an appealing candidate for in vivo imaging. Ono et al. developed a BODIPY 

derivatives by adding dimethylamino styryl to a BODIPY core (BAP-1).76 The 

authors observed a low Kd of 44 nM, but further sought to optimize the excitation of 

614 nm further red. Recent work from the same group by Watanabe and co-workers 

developed further BAP modifications (BAP-2 through 5) by substitution thiophenyl 

or furanyl groups into the BODIPY framework, the authors showed excitation 

maxima near 650 with emission over 700 nm.77 
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1.12. ANCA 

 

Figure 14 Structure of ANCA backbone. 

Recent work in the Theodorakis group has identified a new class of amyloid 

responsive probes abbreviated as ANCA (Figure 14).78 Variations on the backbone 

structure lead to 2.9-8.4 fold increases in fluorescence when mixed with Aβ1-42 

fibrils compared to the probe in buffer alone. Further investigation found that these 

compounds were sensitive to amyloid plaques in human tissue. Additional work was 

done to investigate the response of ANCA with two different histological samples 

(Aβ and prion protein).79 Interestingly, a 20 nm shift in λmax was observed when 

comparing Aβ (535 ± 3 nm) to prion (554 ± 2 nm) samples, but very little variation 

was observed between plaques with the same type of protein regardless of the 

origin of the plaque. The researchers hypothesize that slight variations in the 

binding pocket (such as polarity) are responsible for the differences in emission. 

1.13. Modifications to the peptide backbone 

Given the absence of highly specific fluorescent probes for different amyloid 

conformations, modification of the peptide backbone with fluorophores are an 

appealing alternative to extrinsic fluorophores.  Modifications include fusion of a 
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fluorescent protein to the amyloid protein of interest or including small sequences 

amenable to fluorescent tagging. 

To probe for oligomers Hashimoto et al. developed a split luciferase (Gaussia 

luciferase) system where the N and C-terminus of the luciferase are split and fused 

separately to Aβ.80 The basis of the system is that neither Aβ fusion construct is 

inherently fluorescent, but when both tags come together in an aggregate, they 

fluorescence. They were able to identify a number of stable oligomer populations 

including dimers, trimer, octamers, and large (26-36 mers), suggesting a robust 

model for Aβ oligomer detection.   Danzer et al. have used the similar system for the 

detection of αS oligomers.81 

One advantage of fluorescent protein constructs, like green fluorescent 

protein (GFP) is they can be readily used in live-cell imaging. Kothawala et al. 

developed asymmetric split-GFP system with a small 15-amino acid sensor 

fragment fused to α-synuclein and a larger detector fragment, which can report on 

soluble amyloid protein in cells. Soluble un-aggregated material allow for the sensor 

and detector fragments to freely interact and present fluorescence, while 

aggregated samples do not readily recombine with the detector fragment. 82 Outeiro 

et al. used a different approach by splitting GFP, fusing the split protein to α-

synuclein, and then allowed the fully recombined GFP demonstrated fluorescence. 

Using this method, α-synuclein oligomers were readily identified in cell culture. The 

authors were further able to demonstrate the preferential clearance of α-synuclein 

oligomers by over expressing the Hsp70 protein.83 
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Chemical tags introduce a much smaller footprint when evaluating amyloid 

aggregation, and have led to many interesting revelations in aggregation kinetics. 

Roberti et al. utilized a tetracysteine tag fused to the C-terminal of αS to monitor αS 

in cell cultures.84  Upon attachment of a biarsenical label, the protein unit is 

specifically and fluorescently labeled. Simultaneous experiments with WT αS and 

the fusion αS demonstrated no significant difference in aggregation kinetics. The 

method allows for the direct observation of αS in cells. Work by Lee et al. developed 

a similar FlAsH system with Aβ that relies on monomer aggregation to produce sites 

suitable for binding by fusing two cysteines to the N-terminal of Aβ.85 The formation 

of Aβ fibrils results involves the propagation of parallel, in-register β sheets 

therefore specific placement of the cysteine residues should only produce specific 

binding sites in aggregated peptide.  The finding from this tagging procedure 

demonstrated a rapid and almost total conversion to oligomers within the first few 

hours of incubation, which then slowly lead to fibril formation. This is a stark 

contrast to work with typical extrinsic fluorophores like ThT, which demonstrate 

minimal changes in fluorescence during the lag phase of fibril formation. 

Garai and Frieden attached tetramethylrhodamine (TMR) to an N-terminal 

lysine and monitored the self-quenching of the fluorophores over time.17 Three 

distinct phases where observed which they called the oligomerization, lag, and 

growth phase. The results are very similar to the work by Lee et al,85 which 

demonstrated a very rapid and spontaneous oligomerization stage followed by a 

longer “lag” phase. The work by Garai and Frieden was able to quantify equilibrium 

constants of Aβ1-42 of 12.8 µM and Aβ1-40 of 54 µM for monomer-dimer formation. 
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These constants help reinforce the propensity for Aβ1-42 to form oligomers at lower 

concentrations and compared to Aβ1-40. The work by Lee et al. and Garai and Frieden 

lend strong evidence to revisiting models of amyloid fibril formation. 

The direct attachment of Alexa and other dyes is also widely used for probing 

amyloid aggregation. Work by Quinn et al. using N-terminal labeled HyLite555 Aβ 

promotes the utility of quenching based assays either for structural or inhibitor 

screening. They first by demonstrated the capability of their system to track Aβ 

aggregation, and then the inhibitory effect of heat-shock protein Hsp20 on Aβ 

fibrillization.86 By attaching Alexa488 and Cy3 to α-synuclein Klucken et al. where 

able to monitor the formation of oligomers using fluorescence lifetime imaging 

(FLIM).87 Other modifications to amyloid peptides include the attachment of Oregon 

Green 488 or Alexa Fluor 594 directly to the peptide. Luk et al. reasoned that the 

free rotation of a molecule is inversely proportional to its molecular mass, hence 

fluorescence polarization is a useful method to track the transition of a small 

monomer to a large fibril.88   

Direct attachment of fluorescent probes has allowed for the detection of 

amyloid formation using super-resolution microscopy has allowing for the 

nanoscale detection of amyloid fibrils. ThT, while not directly attached to amyloid, 

along with total internal reflectance fluorescence microscopy, was able to monitor 

the formation of Aβ and β2m fibrils in real-time.89-91 ThT lacks sensitivity for non-

fibrillar aggregates, so direct attachment of fluorophores promises to bring new 

insight in how amyloid aggregates interact with cells. Using HiLyte labeled Aβ, 
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Kaminski Schierle et al. were able to identify various types of amyloid aggregates in 

vitro and in vivo.92 Ries et al. utilized luminescent conjugated oligothiophenes 

specifically, pentamer-formyl thiophene acetic acid (p-FTAA) in the detection of α-

synuclein.45 There several advantages of using p-FTAA, it is a binding activated 

probe, so fluorescence is only reported when the molecule binds amyloid and 

subsequently no pre-labeling steps are required.  Roberti el al. used  rhodamine 

spiramide derivatives to monitor the formation of α-synuclein in cell culture.93 Duim 

et al. where able to combine super-resolution methods and AFM to detect 

aggregates related to Huntington’s disease.94 

1.14. Conclusions 

Numerous probes have been developed for the exploration of amyloid fibril 

formation. Given the promiscuous nature of probes like ThT and Congo Red, it is 

likely that many of the probes discussed in this review for one type of amyloid may 

overlap as probes for others, allowing researchers to pick a choose spectral 

properties as needed. Modifications to the protein backbone have opened up new 

discoveries in aggregation kinetics and maybe serve as useful high-throughput 

systems for drug discovery with amyloid oligomers. Advances in super-resolution 

imaging now allow for us to probe for amyloid aggregation at the nanometer level in 

cell culture. Fluorescence spectroscopy continues to be a powerful method in 

unlocking our understanding of amyloid aggregation. 
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Chapter 2 

Facile method for monitoring amyloid-β 

fibrillization 

(This chapter was copied with permission from material published in ACS 

Chemical Neuroscience, 2012, 3, 896-899)  

2.1. Introduction 

Amyloid-β (Aβ) is a naturally produced peptide byproduct that can be found 

in the cerebrospinal fluid and brains of normal, healthy humans. The exact link 

between Aβ accumulation and Alzheimer’s disease is unclear, but the amyloid 

cascade hypothesis suggests that the transition from monomeric forms of Aβ to 

oligomers and larger aggregates, such as fibrils, plays an important role in the 

progression of the disease.95 The evolution of monomeric Aβ to aggregated forms is 

of great interest for potential treatments for Alzheimer’s disease (AD), and 

numerous probes exist, as reviewed in chapter 1, that preferentially bind fibrillar 
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forms of the Aβ peptide. ThT, one of the most commonly used fluorescent probes, is 

a benzothiazole dye that displays minimal fluorescence in water, but greatly 

enhanced fluorescence when bound to amyloid aggregates.26 The change in 

fluorescence of ThT is a property that is not unique to Aβ, but characteristic of many 

amyloid proteins such as insulin,96 α-synuclein,97 and hen egg white 

lysozyme,98 among others. 

Synthetic Aβ is commonly used in vitro to gain a greater understanding of 

how Aβ might function in vivo, having applications in the development of potential 

inhibitors or treatments,99,100 novel detection methods,50,101,102 or elucidation of 

aggregation pathways.103-105 Detailed techniques for monitoring the aggregation of 

Aβ and other amyloid proteins in vitro have been reviewed by Nilsson.106 Generally, 

an assay begins when lyophilized Aβ is dissolved in a pretreatment solvent such as 

aqueous NaOH107 or hexafluoroisopropanol (HFIP)108,109 to disrupt existing 

aggregates. The solvent is then removed or diluted into an appropriate buffer, then 

incubated for a set time, usually at 37 °C with orbital shaking. Real-time studies of 

aggregation are often adapted from the methods of Levine14 and Naiki et al.13 either 

using a microplate reader85,110-112 or measuring in a cuvette with the probe directly 

added to the sample.50,113 Alternatively, Aβ aggregation can be monitored using the 

aforementioned platforms, diluting an aliquot of Aβ in a solution with the 

probe.89,114-116 Longer term experiments more interested in the presence of fibrils 

for further study generally seal the peptide solution in a microcentrifuge tube or 

glass vial and incubate for the desired time.100,107,117,118 
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We have found that although the techniques for monitoring Aβ aggregation 

have been well developed and described, other than using a microplate reader, most 

techniques require the transferring of the peptide solution from an incubator vessel 

(e.g., a microcentrifuge tube) to a cuvette. Over time this can result in significant loss 

of material due to evaporation or simply solvent adhering to the walls of a pipet tip 

or cuvette. If multiple samples are being tested the time required transferring the 

solutions and cleaning the cuvettes can be pressing, especially if the samples are 

being measured in real-time. On the other hand, monitoring Aβ fibrillization using 

microplate readers requires an instrument with fluorescence capabilities, orbital 

shaking, and bottom reading capabilities, since the microplate needs to be sealed on 

the top to prevent solvent evaporation. Interestingly, many microplate readers are 

equipped with linear, rather than orbital shaking, which makes them unsuitable for 

reproducible Aβ incubation. Furthermore, obtaining a microplate reader with all the 

capabilities for monitoring Aβ aggregation can be expensive and they are never as 

sensitive as a standard spectrofluorometer. 

Described in this chapter is a novel methodology for growing and monitoring 

amyloid proteins reproducibly, and without the need of expensive or specialized 

instrumentation. A critical step in our technique is the use of NMR tubes to incubate 

and monitor protein fibrillization. The advantage of this system is twofold: (1) it 

generates reliable and reproducible measurements within samples, and (2) it allows 

expedited measurements in a closed system that can be readily transferred between 

an incubator and a photoluminescence or UV–vis spectrometer. We suggest that this 
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technique can allow any laboratory with spectrometry equipment to become active 

investigators in amyloid research with minimal additional investments. 

2.2. Description of the Technique 

Materials  

1) NMR tubes (Wilmad-LabGlass, 528-PP-7) 

2) Screw-cap microcentrifuge tube (Perfector scientific, 6550) 

3) Standard spectrofluorometer cuvette, 1 cm walls with PTFE stopper in 

“ground type” joint (Starna cells, 23/Q/10) 

4) Microtube thermoshaker (Boekel, 270500) 

NMR tubes were cut to fit within the sample chamber of the fluorometer. The 

tube was cut such that it was as small as possible, but still able to be easily removed 

from the microcentrifuge tube or the spectrofluorometer cuvette (usually 5–6 cm 

long, Figure 15a). The PTFE cap of the cuvette and the plastic cap of the 

microcentrifuge tube were drilled through the middle, allowing a good fit of the 

NMR tube (Figure 15b, c). Care should be taken that the tube fits snugly in the hole. 

Tubes were incubated in microcentrifuge tubes that were wrapped with tape to sit 

firmly within the shaker chambers (Figure 15c, d). Microcentrifuge tubes were also 

filled with water to ensure even heating throughout the tube. For fluorescence or 

turbidity experiments, the samples were removed for a brief moment from the 

microcentrifuge tube and placed in the cuvette (Figure 15e, f). The cuvette was then 

transferred to a spectrofluorometer (for ThT assays) or to a UV–vis spectrometer 
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(for turbidity assays) to obtain the spectra. The cuvettes were filled with water to 

avoid issues of water condensation forming on the inside walls of the cuvette. The 

tube caps were also marked with the orientation of the initial measurement, to 

ensure consistency throughout the experiment. 
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Figure 15 NMR tube is cut to appropriate length; (b) tube along with cuvette and 
Teflon plug; (c) microcentrifuge tubes with a hole for holding the NMR tubes; (d) 
tubes are incubated in an orbital shaker with temperature control; (e) NMR tube 
within spectrometer cuvette; (f) NMR tube with aggregated protein and ThT under 
black light (left) and ThT only (right). 

2.3. Results and Discussion 

The real-time Aβ fibrillization assay shows a typical sigmoidal curve as can 

be observed in Figure 16a. In addition to the increase in fluorescence of ThT, AFM 

was used to confirm the formation and uniformity of fibrils (Figure 16b). It was 

observed that the time to aggregation varied depending on the batch of amyloid 

prepared (data not shown). Nonetheless, minimal deviation was observed within 
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samples of the same batch in terms of maximum fluorescence intensity and time to 

aggregation. The uniformity of our data testifies to the reproducibility of the 

fibrillization assays performed using this technique. This methodology could be a 

useful tool when evaluating the potential kinetic or thermodynamic inhibition of Aβ 

aggregation.18 It is important to highlight that variations in the fibrilization rate 

from batch to batch are expected and have been studied by other 

groups.107,114 These variations are due, among other things, to small changes in 

sample preparation and different initial peptide states. What we recommend to 

minimize this is to always compare the real-time fibrillization experiments with 

control samples from the same protein pool and incubated concurrently. 
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Figure 16 (a) Real time fluorescence assay with ThT (b) corresponding 10 × 10 μm 
AFM for each tube referenced in panel (a). Scale bar represents 2 μm. 

We also sought to demonstrate other applications of this methodology by 

monitoring Aβ aggregation using UV–vis turbidity measurements. As Aβ aggregates 

into insoluble fibrils, the scattering of transmitted light increases 

significantly.119,120 Figure 17 shows a typical sigmoidal curve representative of Aβ 

aggregation. Alternative and rapid methods of monitoring Aβ aggregation would be 
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desirable when working with inhibitors that are intrinsically fluorescent such as 

curcumin or other polyphenols that may potentially bias an assay. Furthermore, this 

methodology can be applied to monitor fibrillization in the presence of molecules 

that inhibit ThT binding to Aβ fibrils.18,121 

 

Figure 17 Real-time turbidity assay of Aβ measured at 400 nm. 

2.4. Conclusion 

Great progress has been made in the study of Aβ since it was first 

characterized by Glenner and Wong.122 A diversity of techniques have been utilized 

to improve our understanding of this important peptide and its aggregation. 

Discussed in this chapter, is a convenient methodology to perform real-time 
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fibrillization assays. The presented experiments indicate this is a reliable and rapid 

technique for monitoring in vitro fibril formation. Furthermore, the instrumentation 

necessary is common in many laboratories, making this a low cost alternative for 

studying Aβ aggregation. 

 

2.5. Methods 

2.5.1.1. Preparation of Aβ 

Bulk unpurified amyloid-β (Aβ) 1–40 (lot #20529) was purchased from 21st 

Century Biochemicals. The crude peptide was desalted and concentrated using 

Sartorius Stedim Vivaspin 15r centrifugation filters. The desalted solution was 

lyophilized using a Labconco Centrivap Concentrator and either immediately 

purified by reverse phase HPLC on a Waters Xbridge Prep C18 column or stored at 

−20 °C for later use. Reconstituted peptide solution (200 μL) was then run on a 

gradient of A (H2O, 0.1% TFA) and B (acetonitrile, 0.1% TFA) at 60 °C (80% A to 

40% A over 20 min at 1.5 mL/min). The retention time of Aβ 1–40 is 13 min 

(Figure 18). The purified peptide is then verified with ESI-mass spectrometry, 

lyophilized, and stored at −20 °C. 
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Figure 18 HPLC trace of a desalted amyloid preparation. Dashed red lines indicated 
the collection window. An abbreviated window from 11 – 14 minutes is shown for 
clarity. 

2.5.1.2. Preparation of Fibrillar Aggregates and Real-Time Assay 

Fibrils from Aβ were prepared from a purified lyophilized powder by 

reconstituting in a minimal amount of aqueous NaOH solution.107 Freshly dissolved 

peptide was then sonicated for 2 min in a bath sonicator and subsequently filtered 

through 0.2 μm centrifuge filters (VWR) for 10 min at 5000g. The filtered solution 

was then diluted to the desired concentration in PBS (100 mM sodium phosphate, 

300 mM NaCl, pH 7.4). The concentration was verified using an extinction coefficient 

of 1280 M–1 cm–1 at 280 nm using a Shimadzu 2450 UV–vis spectrophotometer. 

Typical Aβ concentrations for these experiments were 60 μM. A concentrated 

solution of ThT was then added to the Aβ solution to obtain a 10 μM concentration 

of the dye. 400 μL of the peptide solution was then aliquoted into NMR tubes. 
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Measurements were taken every 30 min as described below. Prior to every 

measurement each NMR tube was briefly vortexed ( 1–2 s). The tubes were 

incubated as shown in Figure 15, at 37 °C and 700 rpm. 

2.5.1.3. Fluorescence Measurements 

All steady-state fluorescence measurements were taken on a Horiba-Jobin 

Yvon Fluorolog 3 instrument. ThT was excited at 440 nm, and right angle emission 

was measured from 460 to 520 nm with 1 nm slit widths. Both emission and 

excitation were corrected for instrument dependent effects. The fluorescence 

intensity of ThT at 484 nm was used to monitor the transition of Aβ monomers to 

fibrils. 

2.5.1.4. Turbidity Assay 

An NMR tube filled with PBS solution as referenced above was baselined and 

samples were measured every 30 min at 400 nm on a Shimadzu 2450 UV–vis 

spectrophotometer. 

2.5.1.5. Atomic Force Microscopy 

Twenty microliters of peptide solution was dropped onto a freshly cleaved 

mica surface and allowed to adhere for 5 min. After 5 min the mica discs were dried 

on a spin coater at 3000 rpm and washed 3 times with 20 μL of H2O. Images were 

acquired at 512 lines of resolution at 1 Hz on a Veeco Multimode atomic force 

microscope. 
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Chapter 3 

Sensing amyloid-β aggregation using luminescent 

dipyridophenazine ruthenium(II) complexes 

(This chapter was copied with permission from material published in the 

Journal of the American Chemical Society, 2011, 133, 11121-11123)  

 

3.1. Introduction 

Amyloid-β (Aβ) is an extracellular peptide fragment, thought to play an 

important role in the pathology of Alzheimer’s disease (AD). AD is rapidly becoming 

a leading cause of death in the United States; an estimated 11–16 million people are 

expected to be affected by 2050.123 The amyloid cascade hypothesis suggests that 

the transition of monomeric Aβ to fibrillized-Aβ plays an important role in the 

pathology of AD, but the exact nature of Aβ toxicity is controversial.124 Much work 
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has been done in characterizing the transition of monomer to fibril, and perhaps the 

mostly widely used monitoring tool is thioflavin T (ThT).14 ThT is a benzothiazole 

dye (Figure 19) that has minimal fluorescence (excitation 440 nm/emission 480 

nm) in aqueous solution or in the presence of monomeric Aβ; however, its 

fluorescence 

 

Figure 19 Aβ fibrillization assay with ThT (blue ◊) and [Ru(bpy)2dppz]2+(red ●). 
Right: TEM images of Aβ fibrils after 7 h incubation in the presence of (b) ThT and 
(c) [Ru(bpy)2dppz]2+. Scale bar = 100 nm. 

increases by several orders of magnitude in the presence of fibrils. ThT being an 

amyloid binding dye, its derivatives have found important applications as 

potential in vivo diagnostic agents.125 

Dipyridophenazine ruthenium(II) complexes have been used in a wide variety of 

applications including DNA detection,126,127 cell imaging,128 DNA cleavage,129 and 



 40 

photoinduced electron-transfer reactions,130 among others. Recently, we reported 

that some of these complexes have the ability to disperse single-walled carbon 

nanotubes in aqueous solutions.131 In this work, we report the light-switching 

properties of [Ru(bpy)2dppz]2+ (bpy = 2,2′-bipyridine; dppz = dipyrido[3,2-a:2′,3′-

c]phenazine) when in contact with fibrillar Aβ. [Ru(bpy)2dppz]2+ displays large 

Stokes shifts (180 nm) and long photoluminescence (PL) lifetimes, making it an 

ideal probe in highly fluorescent environments, both in vitro and ex vivo. The PL 

properties of dipyridophenazine Ru(II) and Ru(III) complexes have been 

characterized with some proteins, such as bovine serum albumin,132,133 α-

chymotrypsin,134 and certain transcription factors,135 but to the best of our 

knowledge, [Ru(bpy)2dppz]2+ light-switching properties have never been used to 

study peptide aggregation in real time. 

3.2. Discussion and Results 

The PL response of [Ru(bpy)2dppz]2+ upon protein aggregation is shown in 

Figure 19. A typical sigmoidal behavior is observed for the PL of [Ru(bpy)2dppz]2+, 

in agreement with the fluorescence behavior of ThT. Generally, a lag phase is seen 

where Aβ monomers and soluble oligomers are present (throughout this Chapter 

we use the term “Aβ monomers” when referring to a freshly prepared non-

aggregated Aβ solution which would contain a high concentration of monomeric Aβ 

but also some Aβ oligomers), and PL is not observed. After a few hours, protein 

aggregation starts, with the formation of small fibril aggregates which act as seeds 

for the further assembly of Aβ monomers into aggregated fibrillar structures. This 
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aggregation and fibril elongation phase is relatively fast and followed by a leveling 

off of the PL once most of the monomers have been assembled into fibrils. The PL 

intensity of [Ru(bpy)2dppz]2+ increases up to 50-fold in the presence of Aβ fibrils. 

The formation of fibrils is confirmed by TEM images obtained from aliquots taken 

from the assays after 7 h (Figure 19 b,c). 

The fluorescent behavior of ThT is modulated by rotation between its 

benzothiazole moiety and dimethylaniline group.136 In aqueous solution the rapid 

rotation between these two groups provides a non-radiative deactivation pathway 

rendering a non-fluorescent state; when bound to fibrillar Aβ (or any other confined 

media), the rigid environment precludes the rotation, resulting in an increase in 

fluorescence emission.137 The light-switching properties of [Ru(bpy)2dppz]2+ can be 

attributed to a completely different pathway, which is likely related to its 

mechanism in DNA.127 In aqueous solution, [Ru(bpy)2dppz]2+ does not display any 

PL due to the population of a low-lying dark state.138 In the presence of double-

stranded DNA, [Ru(bpy)2dppz]2+ interacts with the major groove, which produces a 

change in microenvironment that favors the population of a luminescent state. It is 

likely that the light-switching behavior observed in the presence of Aβ fibrils is 

related to that in the presence of DNA. Therefore, we propose that 

[Ru(bpy)2dppz]2+ interacts strongly with the fibril framework, which changes the 

polarity of the microenvironment felt by the dppz ligand, favoring the luminescent 

state. The absence of PL in the presence of monomeric Aβ is likely due to a poor 

interaction between [Ru(bpy)2dppz]2+ and the Aβ monomer. A more thorough 
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explanation for the interaction of the metal complex with Aβ will be discussed in 

chapter 5. 

Although [Ru(bpy)2dppz]2+ has shown remarkable light-switching properties in 

the presence of Aβ fibrils, it would be desirable to explore whether its long PL 

lifetime is capable of increasing the signal-to-background ratio in the presence of 

strongly fluorescent environments. This is particularly important in the screening of 

potential drugs for the inhibition of Aβ fibrils formation. Potential drugs with 

fluorescence from 460 to 550 nm, such as curcumin and quercetin, would interfere 

with ThT assays, making assays unreliable.121 The long PL lifetime of 

[Ru(bpy)2dppz]2+ makes it possible to use time-gating technology to selectively 

detect its PL even in the presence of a strong fluorescent background.139 

In order to demonstrate if [Ru(bpy)2dppz]2+ is capable of detecting Aβ 

fibrillization in the presence of a strongly fluorescent background, an Aβ assay was 

prepared in the presence of rhodamine B, a bright fluorophore with a fluorescence 

maximum at 575 nm and a tail that extends up to 700 nm. Figure 20a shows the PL 

time-resolved transient of [Ru(bpy)2dppz]2+ in the presence of Aβ fibrils and the 

time-resolved transients of the rhodamine B fluorescent background. The lifetime of 

rhodamine B in buffer solution is 1.6 ns, while [Ru(bpy)2dppz]2+with Aβ fibrils can 

be fitted to a biexponential function with lifetimes of 21 (19%) and 221 ns (81%), 

which indicates that the average PL lifetime of [Ru(bpy)2dppz]2+ (185 ns) is about 2 

orders of magnitude larger than that of rhodamine B. Therefore, using a time-gating 

technique, it is possible to discard the first few nanoseconds after the excitation, 
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where most of the rhodamine B fluorescence appears, and retain only the part 

where the PL of [Ru(bpy)2dppz]2+is dominant. Figure 20b shows the Aβ growing 

assay detected by steady-state fluorescence spectroscopy and by using time-

resolved gating. It is evident from Figure 20b that time-gating increases the signal-

to-background ratio from 1.4 (steady-state) to 12 (time-resolved), allowing a 

reliable assay even in the presence of a strongly fluorescent background. 

Furthermore, it is observed that Aβ fibrillization in rhodamine B fluorescent 

medium starts about 60 min later than in buffer solution (Figure 19a). This delay is 

 

Figure 20 (a) Time-decay transients for rhodamine B fluorescent medium (blue 
line) and [Ru(bpy)2dppz]2+ in the presence of fibrillar Aβ in rhodamine B 
fluorescent medium (red line). Peak marked with asterisk at 21 ns is a detector 
artifact. (b) Aβ fibrillization assay with [Ru(bpy)2dppz]2+ in rhodamine B fluorescent 
medium using a steady-state fluorometer (blue line) and a time-resolved 
fluorometer using time-gating from 350 to 700 ns after light excitation (red line). 

likely due to interaction of rhodamine B with fibrils, retarding their aggregation. It is 

important to notice that this observation is made possible by the improved 
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resolution offered by the time-gated assay, which takes advantage of the long 

lifetime of the [Ru(bpy)2dppz]2+ probe. 

Steady-state PL and time-resolved emission spectra (TRES) of 

[Ru(bpy)2dppz]2+ before and after Aβ fibrillization further portray the advantages of 

time-gating in these kinds of assays (Figure 21). Figure 21a,b show the changes in the 

steady-state PL spectra and TRES before and after Aβ fibrillization in buffer, while 

Figure 21c,d show the spectra for the sample in the presence of rhodamine B 

fluorescent medium. It is noticeable that the steady-state PL in Figure 21c is 

dominated by rhodamine B and not by the ruthenium probe PL. However, after 

time-gating from 350 to 700 ns, the TRES of [Ru(bpy)2dppz]2+ in the presence of 

rhodamine B (Figure 21d) is almost indistinguishable from the TRES (Figure 3b) and 

steady-state PL spectra (Figure 21a) of [Ru(bpy)2dppz]2+ in buffer. This further 

confirms that long-lived photoluminescent probes can be combined with time-

gating techniques to effectively remove strongly fluorescent background and 

http://pubs.acs.org/doi/full/10.1021/ja204656r?prevSearch=%2528nathan%2Bp%2Bcook%2529%2Band%2B%255BContrib%253A%2BCook%252CNathan%2BP.%255D&searchHistoryKey=#fig3
http://pubs.acs.org/doi/full/10.1021/ja204656r?prevSearch=%2528nathan%2Bp%2Bcook%2529%2Band%2B%255BContrib%253A%2BCook%252CNathan%2BP.%255D&searchHistoryKey=#fig3
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increase the sensitivity of Aβ fibril detection in highly fluorescent media.

 

Figure 21 Steady-state photoluminescence and (b) TRES of [Ru(bpy)2dppz]2+ in the 
presence of Aβ monomers before incubation (blue lines) and Aβ fibrils after 
incubation (red lines) in buffer solution. (c) Steady-state photoluminescence and (d) 
TRES of [Ru(bpy)2dppz]2+ in the presence of Aβ monomers before incubation (blue 
lines) and Aβ fibrils after incubation (red lines) in rhodamine B fluorescent medium. 
The spectra“before incubation”are at 0 min and “after incubation”are after 500 min 
of incubation. 

In this chapter the potential of [Ru(bpy)2dppz]2+ complexes as a probe for Aβ 

fibrillization has been demonstrated. [Ru(bpy)2dppz]2+ possesses interesting 

photophysical properties such as large Stokes shifts, long lifetimes, and light-

switching properties toward Aβ fibrils. This probe, in combination with TRES, can 
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be used to distinguish the longer lifetime of the metal complexes from an intense yet 

short-lived luminescent background, allowing monitoring the transition of 

monomeric Aβ to Aβ fibrils. The long lifetimes of metal complexes such as 

[Ru(bpy)2dppz]2+ provide a unique opportunity to examine fibril formation in 

environments that are normally unsuitable for shorter-lived organic dyes such as 

ThT. This is particularly important for the evaluation of possible drug candidates 

with strong fluorescence signals that would interfere with ThT assays. These probes 

could also be potentially used in combination with fluorescence lifetime imaging 

microscopy (FLIM),140 a technique that is gaining recognition due to its ability to 

discriminate microenvironments on the basis of lifetime rather than wavelength. 

The success of this technique depends in part, on the development of novel probes 

capable of making use of the time-discrimination power of the system. Long-lived 

probes such as [Ru(bpy)2dppz]2+ are desirable, since their long PL lifetimes would 

allow for time-gating discrimination of short-lived fluorescent backgrounds and 

suppression of scattered light141 and could be even used to determine cell 

viability.142 Furthermore, changes in microenvironment would have a bolder effect 

on the lifetime of long-lived probes, which would increase FLIM contrast. 

3.3. Methods 

3.3.1.1. Chemicals 

All chemicals were used as received from the manufacturer. ThT was purchased 

from Sigma-Aldrich. Rhodamine B was purchased from TCI-America. Sodium 
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phosphate dibasic heptahydrate, sodium phosphate monobasic monohydrate, and 

sodium hydroxide were purchased from EMD. Sodium chloride was purchased from 

Fisher Scientific. Cis-dichlorobis(2-2’-bipyridine) ruthenium(II) dihydrate was 

purchased from Strem Chemicals. Ammonia hexafluorophosphate and o-

phenylenediamine were purchased from Alfa Aesar.  

3.3.1.2. Synthesis of [Ru(bpy)2dppz]2+  

Dipyrido[3,2-a:2′.3′-c]phenazine (dppz). The dppz ligand was synthesized in two 

parts, following Dickeson et al.143 1,10-phenanthroline- 5,6-dione was synthesized 

by adding an ice cold mixture of H2SO4 (10 mL) and HNO3 (5 mL) to 1g of 1,10-

phenanthroline and 1g KBr. The reaction was refluxed for 3 h, poured onto crushed 

ice, then carefully neutralized with NaOH to slightly acidic pH and extracted with 

dichloromethane. The 1,10-phenanthroline-5,6-dione (1.42 mmol) was 

subsequently reacted with diaminobenzene (1.71 mmol) in 30 mL of ethanol for 2 h 

under reflux. 

 

[Ru(bpy)2dppz]2+  cis-Ru(bpy)2Cl2 was used as starting reagent (Strem Chemicals) 

and the dppz ligand was synthesized following previous methods.143,144 The dppz 

ligand and cis-Ru(bpy)2Cl2 were refluxed in 1:1 methanol and water with vigorous 

stirring for 3 hours, as described by Amouyal et al.144  After 3 hours, the solution 

was concentrated under reduced pressure and upon the addition of ammonium 

hexafluorophosphate, orange-red crystals precipitated from solution. The crystals 

were purified by column chromatography (4:1 dichloromethane and acetonitrile) on 
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SiliaFlash® P60 silica gel from SiliCycle. The PF6¯ salt was used for all binding 

experiments. Concentrated stock solutions were prepared in acetonitrile and 

verified with an absorption coefficient of 16,300 M-1cm-1 at 457 nm.129 

3.3.1.3. Fibril incubation assay 

Aβ monomers were prepared as detailed in the previous chapter and then 

diluted to 60 µM in polypropylene microcentrifuge tubes from Perfector Scientific. 

Rhodamine B, ThT, and/or [Ru(bpy)2dppz]2+, and additional PBS  were added at this 

time to finalize the dilution to 60 µM. The samples were incubated at 37°C and 

mixed at 300 rpm using a Fischer Scientific Microtube Thermal Mixer. Fibril 

formation of Aβ with [Ru(bpy)2dppz]2+ or ThT was monitored in 30 minutes 

intervals, using quartz cuvettes in a HORIBA Jovin Yvon Fluorolog 3 fluorometer. 40 

µM [Ru(bpy)2dppz]2+ with 4 µM Rhodamine B along with 60 µM Aβ were excited at 

440 nm and emission measured from 550 to 800 nm with a 470 cutoff filter from 

CVI Melles Griot at the emission monochromator. A concentrated [Ru(bpy)2dppz]2+ 

stock solution was prepared in acetonitrile and diluted into the Aβ solution. The 

acetonitrile concentration amounted to no more than 1-3% of the final volume. 20 

µM ThT along with 60 µM Aβ was monitored with excitation at 440 nm and 

emission from 460-600 nm. Time resolved spectra were recorded using an 

Edinburgh Instruments OD470 single-photon counting spectrometer with a 443.6 

nm picosecond pulse diode laser with a high speed red detector. A 530 nm cutoff 

filter was used in the emission pathway. The data points in the Aβ fibrillization 
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assay are the emission intensities at 484 and 620 nm for ThT and [Ru(bpy)2dppz]2+ 

respectively, at different time points. 

3.3.1.4. Transmission electron microscopy 

For TEM, 10 μL of solution was taken directly from monitored Aβ samples (ThT 

and [Ru(bpy)2dppz]2+ with fibrillar Aβ). They were then placed on freshly glow 

discharged 300 mesh Lacey carbon type A removable formvar copper grids with 

formvar and lacy carbon supports (Ted Pella) and allowed to adsorb for 3 minutes. 

Samples were then washed 2x with 10 μL deionized water and blotted dry followed 

by negative staining for 1 minute with 3% uranyl acetate. Samples were then blotted 

dry, and allowed to air dry for 1 hour. Samples were then imaged on a JEOL 1230 

High Contrast Transmission Electron Microscope operating at 80 kV. 
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Chapter 4 

Detection of α-synuclein amyloidogenic aggregates 

in vitro and in cells using light-switching 

dipyridophenazine ruthenium(II) complexes 

(This chapter was copied with permission from material published in the 

Journal of the American Chemical Society, 2012, 134, 20776-20782) 

4.1. Introduction 

Parkinson’s disease (PD) is the most prevalent neurodegenerative movement 

disorder. It is characterized by the accumulation of proteinaceous cytoplasmic 

inclusions (Lewy bodies) in dopaminergic neurons.145 The major component of 

Lewy bodies is α-synuclein (αS),146 a natively unfolded 140 amino acid protein with 

high propensity to misfold and aggregate.147 The role of αS in the development of PD 

has been extensively investigated and evidence points to a correlation between αS 

misfolding and aggregation and the progression of PD pathogenesis.148-150 However, 
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the molecular mechanisms underlying αS misfolding and aggregation and the role of 

αS inclusions in the development of PD remain elusive.  

Currently available techniques to monitor the accumulation of protein 

aggregates in cell cultures present a number of limitations. Analytical methods, 

including transmission electron microscopy and polyacrylamide gel electrophoresis 

followed by Western blotting,151 are time-consuming and not amenable to high-

throughput applications. Fluorescence-based techniques have been widely used to 

monitor αS aggregation in vitro and in vivo and are typically based on the fusion of 

αS to reporter proteins, such as the green fluorescent protein (GFP),152 or covalent 

binding of αS to small fluorophores, such as biarsenical labeling reagents153 and 

Alexa dyes.88 To avoid altering the peptide backbone of the target protein or 

inducing covalent modifications that could potentially influence its folding 

landscape, significant focus has been devoted to the design of compounds that 

display high affinity for specific protein conformations, such as the fibrillar 

aggregates characteristic of amyloidogenic proteins. Thioflavin T (ThT), a 

benzothiazole molecule that displays minimal fluorescence in aqueous media and 

enhanced fluorescence when bound to amyloid aggregates, has been extensively 

used to probe and quantify fibril formation.26,154 Particularly, ThT has been used to 

characterize the structure of αS fibrils and to investigate the aggregation kinetics of 

different αS mutants in vitro,155,156 which is crucial to elucidate the molecular 

mechanisms of PD pathogenesis.  

The main drawbacks associated with the use of ThT to detect protein 

aggregates in cells are its small Stokes shift and green fluorescence emission, which 
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overlaps with intrinsic fluorescence properties of other cellular components, such 

as flavins or reduced NAD(P)H.157 Aldehyde-containing reagents typically used to fix 

cell and tissue samples generate an autofluorescent background signal with spectral 

properties similar to ThT.157 Furthermore, polyphenols, such as curcumin and 

quercetin, which inhibit aggregation in vitro, present strong absorptive and 

fluorescent properties that overlap with ThT photoluminescence and may compete 

with ThT for binding to fibrillar binding sites.121 In summary, there is an urgent 

need for fibrillization responsive probes with large Stokes shifts and redshifted 

fluorescence emissions, which display low background signal and could be used as 

alternatives to ThT when other commonly used green fluorescent reporters are 

present. The development of tools to monitor cellular aggregation of proteins, in 

turn, will provide new avenues to study the cellular pathogenesis of numerous 

human diseases that result from deposition of proteinaceous aggregates.158 

In this chapter the use of the dipyridophenazine derivative, 

[Ru(phen)2dppz]2+ (phen=1,10-phenanthroline, dppz = dipyrido[3,2-a:2’.3’-

c]phenazine) is demonstrated to monitor the formation of αS fibrils in vitro and to 

detect αS aggregation in cell cultures. [Ru(phen)2dppz]2+ and related compounds 

are commonly referred to as “light switch molecules” because of their on−off 

photoluminescent behavior. These complexes are generally non-emissive in 

aqueous solution. However, in the presence of biomolecules, such as DNA, which 

have a fibril-like structure, they display a dramatic increase in photoluminescence 

intensity.52 We previously reported the use of the dipyridophenazine probe 

[Ru(bpy)2dppz]2+ (bpy =2,2’-bipyridine; dppz = dipyrido[3,2-a:2’.3’-c]phenazine) for 
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real-time monitoring of Aβ aggregation in vitro.50 These complexes have been used 

in a wide variety of applications including DNA detection,127 photoinduced electron 

transport,130 carbon nanotubes,131 and cell imaging.54,159 To the best of our 

knowledge, while ruthenium(II) complexes and related metal complexes have been 

extensively studied in cells,160-162 they have never been used to characterize αS 

fibrillization or to measure intracellular protein aggregation. We demonstrate here 

the use of the metal complex [Ru(phen)2dppz]2+, which presents light switching 

properties and a significantly stronger photoluminescence intensity than 

[Ru(bpy)2dppz]2+,163 as a real-time probe for αS fibrillization. Furthermore, we 

investigated the use of [Ru(phen)2dppz]2+ complexes to detect αS aggregation in 

human neuroglioma cells that overexpress αS fused to GFP and accumulate αS-GFP 

aggregates. We observed an increase in [Ru(phen)2dppz]2+ photoluminescence 

under conditions that induce protein aggregation, such as inhibition of proteasomal 

degradation. We also demonstrated colocalization of αS-GFP and [Ru(phen)2dppz]2+ 

photoluminescence in cells, indicating a correlation between the intensity of 

[Ru(phen)2dppz]2+ photoluminescence and the formation of αS aggregates. In 

summary, we demonstrated the use of [Ru(phen)2dppz]2+ as a molecular probe to 

detect αS aggregation in vitro and in cells, thereby providing a novel and much 

needed tool to quantify the aggregation of amyloidogenic proteins and to study the 

cellular pathogenesis of protein deposition diseases. 
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4.2. Results and discussion 

4.2.1.1. Real-Time Detection of the Formation of αS Fibrillar Aggregates  

Most amyloid responsive ligands, such as ThT, are widely used to monitor 

fibril formation in real-time but are of limited utility for the detection of protein 

aggregates in cell cultures and in vivo. In an attempt to develop a reliable molecular 

probe to assess protein aggregation in cells, we investigated the use of 

ruthenium(II) dipyridophenazine complexes to monitor the fibrillization and 

intracellular aggregation of αS, a misfolding and aggregation prone protein 

associated with the development of PD.147 We previously reported that 

[Ru(bpy)2dppz]2+ (Figure 22a) presents high affinity for Aβ1−40 fibrils and can be 

used to monitor in real-time the transition of Aβ1−40 monomers into fibrils.50 Based 

on this evidence, we hypothesized that ruthenium(II) dipyridophenazine derivatives 

can be used to detect fibrillar aggregates of other amyloidogenic proteins. To 

investigate this question, we monitored the photoluminescence intensity of 

ruthenium(II) dipyridophenazine derivatives incubated with purified αS as 

described previously by Antony et al.154 We observed a 9-fold increase in 

[Ru(bpy)2dppz]2+ photoluminescence when αS transitions from monomeric to 

fibrillar state (Figure 22b), suggesting high affinity of this compound for 

amyloidogenic protein aggregates. Previous studies showed that [Ru(phen)2dppz]2+ 

presents light switching characteristics but displays stronger photoluminescence 

intensity (higher quantum yield) than [Ru(bpy)2dppz]2+ when bound to DNA.163 
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Interestingly, [Ru(bpy)2dppz]2+ and [Ru(phen)2dppz]2+ have related chemical 

structures (Figure 22a) and similar UV−vis and photoluminescence spectra with far-

red emissions at ca. 640 nm and large Stokes shifts of about 190 nm.164 We observed 

an 18-fold increase in [Ru(phen)2dppz]2+ photoluminescence in the presence of 

fibrillar αS, which is twice the increase in photoluminescence signal obtained using 

[Ru(bpy)2dppz]2+ under the same conditions (Figure 22b). To further evaluate the 

use of these two metal complexes to quantify αS aggregation, we compared their 

absolute photoluminescence intensity. As shown in Figure 22c, the absolute 

photoluminescence of [Ru(phen)2dppz]2+ is 3.3-fold higher than that of 

[Ru(bpy)2dppz]2+ in the presence of equal concentrations of aggregated αS and 

obtained under the same experimental conditions. Since [Ru(phen)2dppz]2+ 

presented the largest change in photoluminescence and the strongest 

photoluminescence intensity, it was selected to further investigate αS aggregation. 

The more intense photoluminescence of [Ru(phen)2dppz]2+ in the presence of 

fibrillar αS is in agreement with a previous study by Jenkins et al. reporting that 

[Ru(phen)2dppz]2+ photoluminescence is approximately 6 times higher than that of 

the bipyridine derivative when bound to DNA.163 
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Figure 22 Detection of αS fibrillization using [Ru(phen)2dppz]2+. (a) Schematic (left) 
and 3-D (right) structures of [Ru(bpy)2dppz]2+ and [Ru(phen)2dppz]2+ (hydrogen 
atoms have been omitted for clarity). (b) Change in photoluminescence intensity of 
[Ru(bpy)2dppz]2+ (blue) and [Ru(phen)2dppz]2+ (red) in the presence of αS upon 
transition from monomeric to fibrillar state. (c) Comparison of the absolute 
photoluminescence intensity of [Ru(bpy)2dppz]2+ (blue) and [Ru(phen)2dppz]2+ 
(red) in the presence of aggregated αS. (d) Fibrillization of αS in real-time detected 
by monitoring [Ru(phen)2dppz]2+ photoluminescence (λem = 640 nm). (e) AFM (top) 
and TEM (bottom) of mature αS fibrils (scale bars AFM: 1 μm; TEM = 200 nm). The 
experiments were performed in PBS (pH 7.4, 300 mM NaCl, 100 mM sodium 
phosphate), with 100 μM αS, 100 μM spermine, and 10 μM of the ruthenium 
complex. 
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Interestingly, when both complexes are dissolved in acetonitrile, they display 

similar quantum yields.163 Jenkins et al. hypothesized that the phenanthroline 

complex, being more hydrophobic, shields better the dppz ligand from water, thus 

explaining the superior photoluminescence properties of the phenanthroline 

complex compared to the bipyridine complex. In agreement with this previous 

report, our study suggests that the higher photoluminescence signal measured upon 

[Ru(phen)2dppz]2+ binding to fibrillar αS is due to the stronger interaction between  

[Ru(phen)2dppz]2+ and the fibrillar aggregates than the parent compound, 

[Ru(bpy)2dppz]2+. This is consistent with the availability of exposed hydrophobic 

domains in the fibril structure that allow stronger binding of the more hydrophobic 

[Ru(phen)2dppz]2+ compound. This binding results in a larger change in the 

microenvironment surrounding [Ru(phen)2dppz]2+, and consequently, a larger 

increase in photoluminescence. A number of αS alleles presenting point mutations 

that alter the protein’s rate of aggregation have been characterized.165-168 Among the 

mutations linked to familial cases of PD, the A30P αS variant was reported to 

aggregate at slower rate than wild type αS in vitro.169 In agreement with these 

observations, we observed an 11-fold increase in the photoluminescence of 

[Ru(phen)2dppz]2+ in the presence of A30P αS fibrils under the same conditions 

used to test wild-type αS, confirming that [Ru(phen)2dppz]2+ is a reliable probe to 

monitor αS protein fibrillization (Figure 23).  
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Figure 23 In vitro detection of A30P αS fibrils using [Ru(phen)2dppz]2+. Change in 
photoluminescence intensity of [Ru(phen)2dppz]2+ for the transition from 
monomeric to fibrillar state of A30P αS (violet) and αS (red). 

Furthermore, control studies conducted to evaluate [Ru(phen)2dppz]2+ 

photoluminescence in the presence of the globular protein bovine serum albumin 

(BSA) revealed minimal changes in photoluminescence signal under the same 

conditions used to test αS. In particular, [Ru(phen)2dppz]2+ photoluminescence in 

the presence of fibrillar αS was 8-fold higher than in the presence of BSA when 

equal amounts of proteins (1250 μg/mL) were tested (Figure 25). 
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Figure 24 Absolute photoluminescence intensities of [Ru(phen)2dppz]2+ in the 
presence of BSA and fibrillar αS (1250 μg/mL). 

Because [Ru(phen)2dppz]2+ photoluminescence is highly dependent on changes in 

αS aggregation state, we asked whether this probe can be used to monitor real-time 

formation of αS fibrils in vitro. A solution of monomeric αS was incubated with 

[Ru(phen)2dppz]2+, and αS aggregation was induced as previously described.154 The 

complexes were excited at the metal-to-ligand charge transfer (MLCT) band (440 

nm), and the emission was recorded at 640 nm (Figure 25).  
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Figure 25 Absorption and emission spectra of dipyridophenazine ruthenium (II) 
complexes. UV-Vis absorption spectra (full lines) and photoluminescence spectra 
upon 440 nm excitation (dashed lines) for 4.3 µM solutions of [Ru(bpy)2dppz]2+ 
(blue) and [Ru(phen)2dppz]2+ (red) in acetonitrile. 

The photoluminescence data depict the typical sigmoidal curve (Figure 22d) 

observed when monitoring the formation of amyloidogenic fibrils in real-time.109 

The initial phase represents a lag phase (approximately 2 h) where αS is 

predominantly in a monomeric, soluble state, that is followed by an elongation 

phase during which fibrillization occurs exponentially and then by a plateau phase 

where fibrillar and monomeric αS are present in equilibrium. The presence of fibril 

aggregates was confirmed by AFM and TEM (Figure 22e). Furthermore, the real-

time fibrillization kinetics of αS with [Ru(phen)2dppz]2+ are consistent with those 

obtained by Antony et al.154 using ThT as probe.170 
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4.2.1.2. Detection of αS Aggregates in Neuroglioma Cells 

To investigate the use of [Ru(phen)2dppz]2+ as a probe to monitor αS 

aggregation in living cells, we used human neuroglioma cells (H4) stably transfected 

for the overexpression of αS fused to GFP (H4/α-syn-GFP). The use of αS-GFP fusion 

as a reliable reporter for disease-associated phenotypes has been previously 

established.171-173 To evaluate binding of [Ru(phen)2dppz]2+ to αS aggregates, we 

first quantified [Ru(phen)2dppz]2+ photoluminescence in H4 and H4/α-syn-GFP 

cells. Cells were incubated with a range of [Ru(phen)2dppz]2+ concentrations, and 

[Ru(phen)2dppz]2+ photoluminescence intensity was quantified by flow cytometry. 

As expected, untreated H4 cells (that do not overexpress αS) did not display 

significant [Ru(phen)2dppz]2+ photoluminescence. However, we did observe an 

increase in [Ru(phen)2dppz]2+ photoluminescence signal in H4 cells overexpressing 

αS (H4/α-syn-GFP; Figure 26a). MG-132, an inhibitor of proteasomal degradation,174 

was used to induce aggregation of misfolding-prone proteins, including αS.171 MG-

132 treatment resulted in dramatic increase in [Ru(phen)2dppz]2+ 

photoluminescence in H4 cells suggesting that [Ru(phen)2dppz]2+ binds to protein 

aggregates, since a reasonable percentage of proteins are aggregation-prone158,175 

and MG-132 treatment promotes aggregation.176 The increase in [Ru(phen)2dppz]2+ 

photoluminescence was even more dramatic when MG-132 treatment was applied 

to H4/α-syn-GFP cells, which is expected to cause accumulation of αS aggregates. 

Similarly to what we discussed for the [Ru(phen)2dppz]2+ in the presence of αS 

aggregates, we hypothesized that the changes in photoluminescence due to protein 

aggregation in H4 cells treated with MG-132 are a consequence of partially 
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denatured structure of protein aggregates, which exposes hydrophobic cavities 

where [Ru(phen)2dppz]2+ can bind. Binding of [Ru(phen)2dppz]2+ to these 

hydrophobic sites would favor the excited-state population of “bright state” over the 

energetically favorable “dark state” of these ruthenium complexes in aqueous 

solution.138 To determine the optimal [Ru(phen)2dppz]2+ concentration that leads to 

minimal nonspecific binding and background photoluminescence, we analyzed 

microscopy images of H4 and H4/α-syn-GFP cells treated with [Ru(phen)2dppz]2+ 

under the same conditions. Representative images (0.5 μM [Ru(phen)2dppz]2+) are 

reported in Figure 26b and confirmed the results obtained by flow cytometry.  
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Figure 26 [Ru(phen)2dppz]2+ photoluminescence intensity in H4 and H4/α-syn-GFP 
cells. Flow cytometry analysis of [Ru(phen)2dppz]2+ photoluminescence intensity in 
H4 and H4/α-syn-GFP cells untreated and treated with MG-132 (2 μM) for 16 h (*p 
< 0.05, **p < 0.005). [Ru(phen)2dppz]2+ photoluminescence was measured using a 
488 nm laser and a 585/42 band-pass filter. The relative photoluminescence was 
calculated by subtracting the background photoluminescence of [Ru(phen)2dppz]2+ 
in untreated H4 cells. The experiments were repeated three times, and the data are 
reported as mean ± SD. 

Interestingly, in MG-132 treated cells, the aggregates detected with 

[Ru(phen)2dppz]2+ are granular and dispersed throughout the cell. To demonstrate 
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that the [Ru(phen)2dppz]2+ photoluminescence observed under conditions that 

promote aggregation of cellular proteins in H4/ αS-GFP cells is in great part due to 

[Ru(phen)2dppz]2+ binding to αS aggregates, we evaluated colocalization of GFP 

fluorescence and [Ru(phen)2dppz]2+ photoluminescence in H4 and H4/α-syn-GFP 

cells. Fluorescence microscopy images of H4 and H4/α-syn-GFP cells incubated with 

the optimal [Ru(phen)2dppz]2+ concentration (0.5 μM) (Figure 28, Figure 29 

columns 1 and 2) were merged and quantified using the ImageJ script Colocalization 

Colormap (as described in the Experimental Section). The results are presented as a 

colocalization colormap, where “hot” colors represent a positive correlation and 

“cold” colors represent a negative correlation (Figure 28, Figure 29, column 4).177 

Colocalization colormaps were then filtered using a color threshold script in ImageJ 

to display only pixels with positive correlation (Figure 28, Figure 29, column 5). 

High [Ru(phen)2dppz]2+ photoluminescence signal, which colocalized with αS-GFP 

as indicated by the hot colors in the filtered colocalization colormaps (high 

colocalization, column 5) was detected in H4/α-syn-GFP cells treated with MG-132. 

Control studies demonstrated that GFP fluorescence is not observed in the channel 

used to detect [Ru(phen)2dppz]2+ photoluminescence (Figure 27), suggesting that 

the emission  
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Figure 27 [Ru(phen)2dppz]2+ spectra do not overlap with GFP. Fluorescence 
microscopy images of H4 and H4/α-syn-GFP cells untreated and treated with MG-
132 (2 µM) for 16 hr. [Ru(phen)2dppz]2+ was not added to cells in order to 
determine if GFP fluorescence is observed in the channel used to detect 
[Ru(phen)2dppz]2+, demonstrating lack of spectra overlap. 

spectrum of GFP and [Ru(phen)2dppz]2+ do not overlap and [Ru(phen)2dppz]2+ can 

be utilized in the presence of other commonly used green fluorescent reporters. To 

further evaluate the use of [Ru(phen)2dppz]2+ to detect aggregation in cell cultures, 

we compared it to the commercially available ProteoStat dye, a 488 nm excitable 

red fluorescent molecule that specifically interacts with denatured proteins within 

protein aggregates.176 Similar to what we reported using [Ru(phen)2dppz]2+ above, 
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we observed binding of the ProteoStat dye under conditions that promote protein 

aggregation (e.g., proteasome inhibition and overexpression of αS-GFP) (Figure 29).  

 

Figure 28 Detection of αS aggregation in H4 and H4/α-syn-GFP cells. Fluorescence 
microscopy images of H4 and H4/α-syn-GFP cells untreated and treated with MG-
132 (2 μM) for 16 h. Aggregation was detected using [Ru(phen)2dppz]2+. Images of 
α-syn-GFP fluorescence (green, column 1) and aggregates (red, column 2) were 
merged (column 3) and analyzed using NIH ImageJ software. Colocalization of GFP 
and [Ru(phen)2dppz]2+ or ProteoStat dye were evaluated using the Colocalization 
Colormap plugin (column 4). High colocalization represented by hot colors was 
depicted by filtering colormap images based on hue as described in the 
Experimental Section (pixels 1−60) (column 5). 
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Figure 29 Detection of αS aggregation in H4 and H4/α-syn-GFP cells. Fluorescence 
microscopy images of H4 and H4/α-syn-GFP cells untreated and treated with MG-
132 (2 μM) for 16 h. Aggregation was detected using ProteoStat. Images of α-syn-
GFP fluorescence (green, column 1) and aggregates (red, column 2) were merged 
(column 3) and analyzed using NIH ImageJ software. Colocalization of GFP and 
[Ru(phen)2dppz]2+ or ProteoStat dye were evaluated using the Colocalization 
Colormap plugin (column 4). High colocalization represented by hot colors was 
depicted by filtering colormap images based on hue as described in the 
Experimental Section (pixels 1−60) (column 5). 

The higher apparent binding of ProteoStat dye than [Ru(phen)2dppz]2+ and higher 

colocalization with αS-GFP in untreated H4/α-syn-GFP cells are likely due to 

different affinities of these molecules for αS and to different photoluminescence 

properties of the dyes.  
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To quantify [Ru(phen)2dppz]2+ binding to aggregated proteins, we calculated 

the aggregation propensity factor (APF, calculated as described in the Experimental 

Section) of H4 and H4/α-syn-GFP cells treated with MG-132 relative to untreated H4 

cells. Cells were treated with MG-132 and binding of [Ru(phen)2dppz]2+ (0.5 μM) or 

ProteoStat dye (1:14,000 dilution) was measured by flow cytometry. In samples 

treated with [Ru(phen)2dppz]2+, the APF of H4 cells treated with MG-132 was 54.8% 

compared to untreated H4 cells (Figure 30). H4/α-syn-GFP cells displayed an APF of 

12.3, which was further enhanced to 58.2% upon MG-132 treatment. In cells treated 

with ProteoStat dye, reported here for comparison, MG-132 treatment resulted in a 

dramatic increase in APF in H4 cells (70.5%) and in H4/α-syn-GFP cells (from 

30.9% in untreated cells to 58.7% in MG-132 treated cells), which is similar to what 

is observed using [Ru(phen)2dppz]2+. These findings confirm the results obtained 

with fluorescence microscopy and demonstrate the use of [Ru(phen)2dppz]2+ as a 

molecular probe to monitor protein aggregation in cell culture. 
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Figure 30 Aggregation propensity factor (APF) of H4 and H4/α-syn-GFP cells. H4 
and H4/α-syn-GFP cells untreated and treated with MG-132 (2 µM) for 16 h were 
stained with [Ru(phen)2dppz]2+ (0.5 µM) or ProteoStat dye (*p<0.05,  **p<0.01, 
***p<0.005), and photoluminescence was monitored by flow cytommetry. The 
aggregation propensity factor (APF) was calculated using formula discussed in the 
methods. Untreated H4 cells were used as the control. The experiemens were 
repeated three times, and data are reported as mean   SD. 

4.3.  Conclusions 

A number of chemical properties of metal complexes including long lifetimes, 

photostability, large Stokes shifts, and red emission make these compounds an 

attractive alternative to more widely used organic dyes. Moreover, their large 
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Stokes shift will allow their simultaneous use with other fluorescent probes emitting 

in the blue and green spectral regions. In summary, we report here that 

[Ru(phen)2dppz]2+ can be used to monitor real-time formation of αS fibril 

aggregates. Furthermore, [Ru(phen)2dppz]2+ was used to probe the presence of αS 

aggregates in an in vitro model of PD. [Ru(phen)2dppz]2+ photoluminescence signal 

was shown to correlate with the amount of cellular aggregates and to respond to 

modulation of the protein quality control system achieved via inhibition of 

proteasomal degradation.[Ru(phen)2dppz]2+ photoluminescence was also 

quantified by flow cytometry, paving the way for applications of this novel, highly 

sensitive molecular probe in high-throughput screens for the discovery of 

therapeutic targets for PD. In summary, this study provides a proof-of-principle 

demonstration of the use of ruthenium(II) dipyridophenazine complexes to monitor 

aggregation of amyloidogenic proteins in vitro. Results from this study open the way 

to more detailed investigations of the unique photoluminescence properties of this 

diverse class of metal compounds, enabling their use to study protein misfolding 

diseases and develop therapeutic strategies to prevent the aberrant accumulation of 

proteinaceous aggregates. 

4.4. Methods 

4.4.1.1. Synthesis of metal complexes 

cis-Ru(phen)2Cl2. This complex is synthesized following Sullivan et al.178 In 

a typical synthesis, RuCl3·xH2O (56 mmol, Strem chemicals), phen (112 mmol, 
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Sigma-Aldrich), and LiCl (3.7 mmol, VWR) were refluxed in 25 mL DMF for 8 h. 

Acetone was then added to the reaction mixture, which was cooled overnight at 4 °C. 

The resulting complex was then filtered and washed extensively with water.  

 
cis-Ru(bpy)2Cl2. cis-Ru(bpy)2Cl2 was purchased from Strem chemicals and 

used as received. 

 
Dipyrido[3,2-a:2′.3′-c]phenazine (dppz). The dppz ligand was synthesized 

in two parts, following Dickeson et al.143 1,10-phenanthroline- 5,6-dione was 

synthesized by adding an ice cold mixture of H2SO4 (10 mL) and HNO3 (5 mL) to 1g 

of 1,10-phenanthroline and 1g KBr. The reaction was refluxed for 3 h, poured onto 

crushed ice, then carefully neutralized with NaOH to slightly acidic pH and extracted 

with dichloromethane. The 1,10-phenanthroline-5,6-dione (1.42 mmol) was 

subsequently reacted with diaminobenzene (1.71 mmol) in 30 mL of ethanol for 2 h 

under reflux. 

 
[Ru(phen)2dppz](PF6)2. cis-Ru(phen)2Cl2·2H2O was refluxed in 1:1 

methanol and water with vigorous stirring for 3 h with dppz as described by 

Amouyal et al.144 Upon cooling, the product was precipitated from solution by the 

addition of NH4PF6 and filtered. The reddish-orange crystals were purified by 

column chromatography (4:1 dichloromethane and acetonitrile) and 

recrystallization (90:10 ethanol and water). An extinction coefficient of 20 000 

M−1cm−1 at 440 nm was used to adjust the compound concentration.179 

[Ru(bpy)2dppz](PF6)2. This complex was synthesized and purified following 

the procedure described above with the exception that cis-Ru(bpy)2Cl2 was used as 
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starting reagent. An extinction coefficient of 15,700 M−1cm−1 at 448 nm was used to 

verify the compound concentrations.144 

 

4.4.1.2. In vitro Aggregation Experiments.  

The αS fibrils were prepared as described by Antony et al.154 Briefly, a 100 

μM solution of αS (rPeptide) was prepared in PBS (pH 7.4, 300 mM NaCl, 100 mM 

sodium phosphate). The concentration was verified using an extinction coefficient of 

5600 L·M−1 cm−1. Spermine was then added to a final concentration of 100 μM, and 

the solution was incubated with 10 μM [Ru(phen)2dppz]2+ or [Ru(bpy)2dppz]2+ in 

glass vials. Fibrillization reactions were incubated at 37 °C and stirred at 550 rpm, 

and photoluminescence spectra taken every 30 min with a Horiba-Jobin Yvon 

Fluorolog 3. [Ru(phen)2dppz]2+ and [Ru(bpy)2dppz]2+ were excited at 440 nm, and 

front face emission was measured from 550 to 700 nm with 2 nm slits. Both 

emission and excitation were corrected for instrument-dependent inefficiencies. 

The solution photoluminescence intensity at 640 nm was monitored to quantify the 

monomer to fibril transition. The photoluminescence intensity of 10 μM 

[Ru(phen)2dppz]2+ and [Ru(bpy)2dppz]2+ solutions in PBS were used as blanks. 

 

4.4.1.3. Microscopy 

AFM samples were prepared by dropping 20 μL of αS solution onto a freshly 

cleaved mica surface. The protein was allowed to adhere to the mica for 5 min then 
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washed with 20 μL H2O three times while being spun dry for 10 min. At 1.0 Hz, 5 × 5 

μm scans were taken with 512 lines of resolution.  

4.4.1.4. Transmission electron microscopy 

 
TEM samples were prepared by dropping 10 μL of αS solution onto a glow 

discharged 200 mesh carbon type B coated copper grid (Ted Pella 01811). The 

fibrils were allowed to adhere for 5 min, then buffer solution was wicked away with 

filter paper. The grid was washed 3 times with 10 μL H2O and stained with 10 μL of 

a 2% w/v phosphotungstic acid solution for 30 s. Samples were imaged on a JEOL 

2010 transmission electron microscope operating at 100 kV. 

 

4.4.1.5. Aggregation Studies in Cell Cultures.  

The cDNA encoding human wild-type α-syn (P37840) was generated by 

assembly PCR. The PCR product was first cloned into pENTR11 and then transferred 

into pcDNA6.2/C-EmGFP-DEST using Gateway recombination cloning technology  

Invitrogen) according to the manufacture’s protocol. Human H4 neuroglioma cells 

(HTB-148, ATCC) were cultured in high glucose DMEM (Fisher) supplemented with 

10% fetal bovine serum, 1% PSQ, 4 mM L-Glutamine, and 1 mM sodium pyruvate 

and maintained at 37 °C and 5% CO2. Cells were transfected with pcDNA6.2/α-syn-

EmGFP using lipofectamine 2000 according to the manufacturer’s instructions 

(Invitrogen). Stably transfected cells were selected by culturing cells with 5 μg/mL 
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blasticidin S HCl, and monoclonal populations of blasticidin-resistant cells were 

isolated.  

H4 and H4/α-syn-GFP cells were cultured on poly L-lysine (Sigma) coated 

glass coverslips and treated with MG-132 (2 μM) for 16 h at 37°C. After treatment 

with MG-132, cells were fixed for 30 min using 4% paraformaldehyde, 

permeabilized for 30 min on ice with 0.5% Triton X-100, and incubated for 30 min 

with [Ru(phen)2dppz]2+ or with the ProteoStat Aggregation detection dye (Enzo Life 

Sciences) according to the manufacturer’s protocol. 

Protein aggregation in H4/α-syn-GFP cells was analyzed by fluorescence 

microscopy (Olympus Fluoview 1000) using a 458-nm laser and 560−660 nm band-

pass filter to detect [Ru(phen)2dppz]2+ photoluminescence. Colocalization of αS-GFP 

and [Ru(phen)2dppz]2+ in H4/α-syn-GFP cells was evaluated using the 

Colocalization Colormap script, an ImageJ plugin that calculates the correlation of 

intensity between complementary fluorescent signals. The results are presented as 

a colormap, where hot colors represent positive correlation and cold colors 

represent negative correlation.177 Colormaps were analyzed using the ImageJ plugin 

Threshold Color, which allows RGB images to be filtered based on hue, saturation, 

and brightness (http://www.dentistry.bham.ac.uk/landinig/software/ 

software.html). To indicate high colocalization, the hue was filtered to display pixel 

intensities from 0 to 35 and designated as red pixels. To indicate low colocalization, 

the hue was filtered to display pixel intensities from 35 to 60 and designated as 

yellow pixels. Pixels in the hue range from 60 to 255 were considered negative 

correlation and not evaluated in this study. To quantify aggregation in H4 and H4/α-

http://www.dentistry.bham.ac.uk/landinig/software/
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syn-GFP cells, the average pixel intensity of images from cells stained with aggregate 

dye was evaluated by determining the brightness of each pixel on a scale of 0−255, 

where 0 is black and 255 is white, and calculating the average pixel brightness 

across the entire image.  

Protein aggregation was evaluated by measuring fluorescence intensity by 

flow cytometry (FACSCanto II, BD Biosciences) using a 488 nm argon laser and 

585/42 band-pass filter. H4 and H4/α-syn-GFP cells were treated with MG-132 and 

incubated with [Ru(phen)2dppz]2+ or the ProteoStat dye as described above. The 

aggregation propensity factor (APF) was calculated using the following Equation 1:  

Equation 1 

 

where MFI is the mean fluorescence intensity of the aggregation dye and untreated 

H4 cells were used as the control. 

4.5. Contributions 

This Chapter was the result of a collaboration between Kiri Kilpatrick and 

Professor Laura Segatori in the Chemical Engineering department at Rice University. 

The developed the cell lines and performed the confocal microscopy. My work 

focused on the synthesis of the probes and their interaction with α-synuclein fibrils 

in vitro. 
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Chapter 5 

Unraveling the photoluminescent response of light-

switching ruthenium(II) complexes bound to 

amyloid-β 

(This chapter was copied with permission from material published in the 

Journal of the American Chemical Society, 2013, 135, 10810-10816) 

5.1. Introduction 

Amyloid- (A) is a 39-43 amino acid containing byproduct of the amyloid 

precursor protein (APP) and is thought to play a causative role in the progression of 

Alzheimer’s disease (AD).180 The amyloid cascade hypothesis suggests that the 

transition of monomeric A into higher order aggregates is a driving factor in the 

progression of AD.2 Additionally, recent studies have revealed that Aβ fibrils can 

template the formation of neurotoxic Aβ oligomers.181 Molecules capable of binding 

on the surface of Aβ fibrils might be able to obstruct the access of Aβ monomers to 
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its surface, inhibiting the templated formation of Aβ oligomeric species. The 

discovery that ruthenium dipyridophenazine complexes can bind to Aβ fibrils 

displaying a marked increase in photoluminescence intensity is relevant and 

timely,50 because contrary to most dyes for Aβ detection, these ruthenium dyes are 

not planar and are easily modifiable. These characteristics, combined with their 

ability to bind to Aβ make them potential parent complexes for the production of 

compounds capable of inhibiting Aβ aggregation or to quench the production of 

toxic Aβ oligomeric species templated by Aβ fibrils. Nonetheless, this will require a 

profound understanding of the interactions of [Ru(bpy)2dppz]2+ and Aβ. 

It is important to recognize that one of the main challenges of identifying 

binding sites on A is the absence of high-resolution crystalline structures of the A 

aggregates, which makes understanding the action of small molecule binding to the 

A peptide difficult. Recently, structural models of A have been developed with 

help from NMR spectroscopy.117,182,183 These models have been used in combination 

with computational methods to examine physical basis for probe binding,184-187 

analysis of potential inhibitors,188-192 and structural characteristics of the aggregates 

and pre-fibrillar forms.193  

The role of computer simulations regarding the aggregation of A was 

recently reviewed by Lemkul and Bevan.194 These simulations have helped elucidate 

probe-peptide complexes by identifying key residues and forces that foster these 

specific interactions.184,186,187 Computational methods have been widely used for 

studying the binding modes and interactions of dyes such as ThT185,195 and CR186,187 
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towards A. Furthermore, a recent publication by one of our laboratories reported 

the computational modeling of the binding of cotinine with A.196 Given that these 

molecules have a special affinity for amyloid fibrils, identifying binding sites could 

be helpful for developing drugs to prevent or reverse peptide aggregation.197 On the 

other hand, concentration dependent biophysical studies have shed light on the 

stability of these interactions and the size of the binding site.31,198  

In this chapter, biophysical and computational studies were conducted to 

elucidate the binding modes of [Ru(bpy)2dppz]2+ to A1-40 fibrils. Ruthenium 

dipyridophenazine metal complexes have been used in a wide variety of applications 

including DNA detection,127 cell viability studies,142 solubilization of carbon 

nanotubes,131 and cell imaging51,54,199 but have rarely been used for studying 

peptides.133,134 Here we report studies that have allowed us to generate a general 

picture to explain the interactions and light switching behavior of [Ru(bpy)2dppz]2+ 

when in presence of fibrillar A peptides. Understanding of how these metal 

complexes bind to fibrillar A have general implications in the design of amyloid 

probes, as well as potential imaging and therapeutic agents for Alzheimer’s disease. 

5.2. Results and Discussion 

 As a first step we studied the photoluminescence of [Ru(bpy)2dppz]2+ as a 

function of the concentration of fibrillized A1-40, to gain information about 

[Ru(bpy)2dppz]2+ binding site and to assess the stability of the A-[Ru(bpy)2dppz]2+ 

complex. Figure 32a shows a standard saturation curve, which can be fitted to a 
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single-binding site with an equilibrium dissociation constant (Kd) of 2.1  0.5 M 

(binding constant, Kb of 4.8  105 M-1). This value is smaller than the binding 

constant reported for [Ru(bpy)2dppz]2+ bound to DNA (> 106 M-1).200 The smaller 

binding constant of [Ru(bpy)2dppz]2+ with fibrillar A implies a weaker interaction 

in comparison with DNA, which is consistent with the smaller increase in 

[Ru(bpy)2dppz]2+ photoluminescence with A (619 fold) than with DNA (1127 fold) 

as seen in Figure 31). The Barton group recently elucidated the X-ray structure of 

[Ru(bpy)2dppz]2+ bound to DNA and demonstrated that the dppz ligand is capable of 

intercalating between two well-matched stacked base pairs.201 This intercalation 

provides a hydrophobic cavity that conveniently shields the dppz ligand from water. 

Binding sites produced by base stacking are specially present in oligonucleotides 

but absent in supramolecular assemblies such as A fibrils, which could explain the 

weaker binding interaction of [Ru(bpy)2dppz]2+ to A aggregates. Nonetheless, the 

dissociation constant of [Ru(bpy)2dppz]2+ to fibrillar A compares with the 

dissociation constants of ThT and CR with A fibrils (0.8 M198 and 1.1 M 

respectively202).  
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Figure 31 Photoluminescence spectra of a 10 µM solution of [Ru(bpy)2dppz]2+ in 
water  (blue), in the presence of Aβ(1-40) fibrils (red), and in the presence of calf 
thymus DNA  (black). The concentration of Aβ monomers and DNA base pairs was 
set to 130 µM. 

To further characterize [Ru(bpy)2dppz]2+ binding site, we used the continuous 

variation method203 to interrogate the system about the number of A monomers 

associated with the binding of [Ru(bpy)2dppz]2+. The curve generated, also known 

as a Job plot, can be seen in Figure 32b and shows that the maximum of the 

[Ru(bpy)2dppz]2+ molar fraction is between the 0.25 and the 0.30 values.  Therefore, 

we have decided to use these values as the uncertainty range and taken the 0.275 

middle value as the curve maximum. This allows determining a binding 

stoichiometry of ca. 2.6  0.4 A monomers per every [Ru(bpy)2dppz]2+ bound to 

the fibril. Job plots generated using total concentrations (A+[Ru(bpy)2dppz]2+) of 

100, 50 and 20 M are indistinguishably from one another (Figure 33). Previous 

studies for ThT have identified 6.3 A monomers per bound ThT,198 and 1.7 per 
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bound CR.202 The binding stoichiometry of [Ru(bpy)2dppz]2+ and ThT tends to 

indicate that multiple A monomers need to come together to form a binding site.  

 

 

Figure 32 Binding of [Ru(bpy)2dppz]2+ to fibrillar A. (a) Change in 
photoluminescence as a function [Ru(bpy)2dppz]2+ concentration. The 
concentration of A was kept constant at 4 M. The dissociation constant 
reported in the text is calculated from the fitting of this data (red line) and 
is the average of 5 independent experiments. (b) Job plot analysis of the 
photoluminescence of [Ru(bpy)2dppz]2+ in the presence of fibrillar A. 
The mole fraction of the [Ru(bpy)2dppz]2+ and A was varied while the 
total concentration of the two components was kept constant at 100 M. 
The change in photoluminescence in the y axis represents the subtraction 
of the background [Ru(bpy)2dppz]2+ photoluminescence in buffer alone 
from the [Ru(bpy)2dppz]2+ photoluminescence in the presence of fibrillar 
A. Blue curve is a polynomial fit to better illustrate the concave nature of 
the graph and its maximum. 
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Figure 33 Job Plot analysis of the photoluminescence of [Ru(bpy)2dppz]2+ in the 
presence of fibrillar Aβ. The mole fraction of  the [Ru(bpy)2dppz]2+ and Aβ was 
varied while the total concentration of the two components was kept constant at 20, 
50, and 100 µM. The binding stoichiometry determined are ca. 2.6 Aβ monomers per  
[Ru(bpy)2dppz]2+ for all concentrations. 

This is consistent with the strong photoluminescence of [Ru(bpy)2dppz]2+ in 

the presence of A fibrils but not when in contact with monomers. The smaller 

binding stoichiometry for CR could be attributed to the association of multiple CR 

molecules to the same binding site,186 or to the availability of multiple binding 

sites.187 It is important to point out that the maxima of the curve in Figure 32b is not 

sharp but rather broad, which suggest that there could be some slight variation in 
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the binding stoichiometry. This is rather expected since contrary to enzymes, which 

have well defined active sites that match the shape of the target molecule, the 

binding site of A fibrils will likely allow the [Ru(bpy)2dppz]2+ to assume slightly 

different conformations, resulting in small continuum of binding stoichiometries.  

The identification of the exact binding sites between [Ru(bpy)2dppz]2+ and 

A1-40 fibril would require a high-resolution structure of the A-[Ru(bpy)2dppz]2+ 

complex, which is challenging to obtain by either NMR or X-ray diffraction. To 

overcome this we have utilized three different molecular docking techniques and 

MD simulations. In the last few years, computational approaches have emerged as a 

powerful tool for studying protein-ligand interactions. Here, the binding of 

[Ru(bpy)2dppz]2+ to A1-40 fibril models with either two fold182 or three fold117 

symmetry was investigated using (1) rigid docking, (2) flexible docking, and (3) 

rigid docking on different conformations of fibrils derived from short term MD 

simulations. The last two approaches include flexibility of the receptor and the 

details of all these procedures are provided in the experimental material. The results 

were similar using the three methods and are summarized in Figure 34 and Table 1 

for fibrils with two fold symmetry,182 which are likely the most abundant A 

polymorph in the sample.100 For two fold symmetry A fibril, four sites were found, 

with occupation percentages of A=49.6%, B=16.2%, C=15.6%, and D=13.6%. 

Although four different binding sites were located, it is noteworthy that site A and B 

are located at the ends of the fibril (Figure 34a). Binding sites at the end of the fibrils 
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are scarce given the fibrillar elongation displayed by A, and therefore their 

contribution to the binding of [Ru(bpy)2dppz]2+ is negligible. 

Table 1 Interacting residues for 2-fold symmetry 

Binding Site 
Interacting Aβ residues (2-fold) 

 

A + A’ 
 

Phe19, Phe20, Ala21, Lys28, Ala30, Ile32 
 

B + B’ 

 
Val12, His13, Gln15, Lys16, Leu17 Val18, 

Leu34, Val36, Gly38 
 

C + C’ 
 

Val18, Phe20 

 

D + D’ 
 

Asn27, Gly29, Val40 
 

Dup + Dup’ 
 

Gly29, Ile31, Val39, Val40 
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Figure 34 Binding modes of [Ru(bpy)2dppz]2+ on A fibrils. (a) Binding sites in fibril 
edges (sites A and B) observed perpendicular (left) and through (right) to the fibril 
axis. (b) Binding sites along the fibril axis (sites C and D) observed perpendicular  
(left) and through (right) the fibril axis. Circular arrow indicates the position of the 
two fold rotational axis 

For example, a fibril several micrometers long with thousands A monomers 

will have a maximum of 4 A sites and 4 B sites.  In contrast to this, sites C and D run 

longitudinally to the fibril axis, and their number would increase as more monomers 

are added and the fibril is elongated. Therefore it is plausible that sites C and D 
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(Figure 34b) are mostly responsible for the binding of [Ru(bpy)2dppz]2+ to A1-40 

fibrils.  

 

Figure 35 Binding of [Ru(bpy)2dppz]2+ to A by MD simulation. The binding site is 
formed between Val18 and Phe20 (previously identified as site C). The red-marked 
peptides represent the projection of the [Ru(bpy)2dppz]2+ complex on the A axis. 
This represents ca. 2 A monomers per [Ru(bpy)2dppz]2+. 

A reliable model for the binding of [Ru(bpy)2dppz]2+ to A should be consistent with 

both biophysical and computational data, however a few inconsistencies can be 

found when both set of data are compared. Specially, the data in Figure 332a fits 

well to a single site model in contrast with the two sites (sites C and D) found in the 

molecular docking experiment. Second, the Job plot in Figure 332b suggest also a 

single binding stoichiometry with ca. 2.6 A monomers per [Ru(bpy)2dppz]2+. To 

account for these observations, we propose that site C is the main responsible for 

the binding with only marginal binding to site D. The two fold symmetry 
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representation used to model the interactions of [Ru(bpy)2dppz]2+ with A fibrils 

only contain amino acids from positions 9-40 which are the ones that form the fibril 

backbone. Amino acids 1-8 are in a random coil conformation and occupying most of 

the region where site D is found. This should block the access of [Ru(bpy)2dppz]2+ to 

site D and dramatically reduce its binding. In contrast, site C is right at the surface of 

the fibril and accessible for [Ru(bpy)2dppz]2+ binding. Furthermore, molecular 

modeling shows that even without this random coil region, the binding energy of 

site C (-9.1 kcal/mol) is more negative than site D (-8.7 kcal/mol) and the 

percentage of posses with [Ru(bpy)2dppz]2+ bound to site C (15.6%) is larger than to 

site D (13.8%).204  

We have also investigated the stability of the site C using 10 ns all-atom 

classical molecular dynamics (MD) simulations in explicit aqueous solution. These 

simulations were performed using AMBER force field as implemented in the YASARA 

program.205 Details of these simulations are provided in the experimental 

information. The [Ru(bpy)2dppz]2+ complex on the A1-40 fibrils was found to remain 

intact throughout the simulations. However, a slight change in the orientation of the 

complex was observed. The Ru(bpy)2 part of the complex raises slightly from the 

fibril axis in comparison with the previous buried position obtained by molecular 

docking (Figure 35, and Figure 37). In the new position, due to a better alignment of 

two aromatic rings of Phe20 of the fibrils and the dppz ring of the metal complex, 

the π-π interactions between them become stronger, while the number of CH-π 

interactions between the side chain of Val18 and dppz ring of the complex decrease 

(Figure 36)   
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Figure 36 Close look to binding sites after molecular docking and 10ns classical 
molecular dynamics simulations. (a) and (b) are binding site C of 2-fold Aβ fibrils 
after docking and 10ns MD simulation, respectively. (c) and (d) shows the binding 
site K of 3-fold Aβ fibrils after docking and 10ns MD simulation, respectively. 
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Figure 37 Binding sites after molecular docking and 10ns classical molecular 
dynamics simulations. (a) and (b) are binding site C of 2-fold Aβ fibrils after docking 
and 10 ns MD simulation, respectively. (c) and (d) shows the binding site K of 3-fold 
Aβ fibrils after docking and 10ns MD simulation, respectively. 

 
The assignment of site C as the dominating binding site of [Ru(bpy)2dppz]2+ 

to A is consistent with the biophysical experiments. The value of 2.6 A monomers 

per [Ru(bpy)2dppz]2+ determined using the Job plot in Figure 33b is in agreement 
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with the 2.0 monomers per ruthenium complex obtained from MD simulations 

(Figure 35), as well as the single binding site obtained from Figure 33a. The slightly 

smaller value calculated from MD simulation is expected since it considers the 

minimum space that the complex could possibly occupy. In reality, distance between 

adjacent complexes is expected to be larger to minimize electrostatic repulsion and 

steric constrains. Site C is a hydrophobic cleft formed between Val18 and Phe20. At 

this site the side chains of Val18 and Phe20 interact with the aromatic ring of dppz 

through CH-π and π-π interactions, respectively (Figure 37). The dppz ligand is a 

hydrophobic extended aromatic system which can efficiently hide from water by 

binding to the hydrophobic domains. From Figure 35, it can be seen that the 

hydrophobic part of [Ru(bpy)2dppz]2+ (the dppz ligand) is buried into the 

hydrophobic cleft of site C, while the ionic part (Ru(bpy)22+ fragment) is projected 

outwards allowing a better solvation by water molecules. Interestingly, this 

observation is consistent with the light-switching properties of [Ru(bpy)2dppz]2+. 

When [Ru(bpy)2dppz]2+ is in water its excitation is rapidly transferred to a low lying 

dark state which does not display any photoluminescence.138 However, when 

[Ru(bpy)2dppz]2+  is dissolved in organic solvents or intercalated within the bases of 

DNA, the microenvironment around the dppz ligand changes, destabilizing the dark 

state and promoting the population of an emissive state, which is responsible for the 

photoluminescence emission. The light-switching behavior of [Ru(bpy)2dppz]2+ in 

the presence of A is consistent with the binding of [Ru(bpy)2dppz]2+ to site C, 

which would provide the hydrophobic microenvironment around the dppz ligand 
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necessary to promote the population of the emissive state, and the concomitant 

increase in photoluminescence. 

The binding site determined for [Ru(bpy)2dppz]2+ is in agreement with those 

calculated for ThT and Congo Red. Molecular modeling has identified that both ThT 

and Congo red bind to amyloid forming peptides, with the long molecular axis 

oriented parallel to the fibril axis in agreement with our docking studies. In fact, site  

C is similar to the binding site identified by Wu et al. for CR.187  Furthermore, we also 

analyzed the binding of [Ru(bpy)2dppz]2+ to A1-40 fibrils with three-fold 

symmetry.117 Although this kind of fibril is expected to be in a minimum amount (if 

any) in our preparations, it is a good example of a different kind of A1-40 fibril 

polymorph. Interestingly, the results tend to indicate that the preferred binding site 

would be site K (Figure 38), which is again the hydrophobic cleft formed between 

Val18 and Phe20. The stability of site K was also probed by 10 ns all-atom classical 

molecular dynamics (MD) simulations in explicit aqueous solution. These 

simulations confirmed that the complex has a preference for this Val 18 Phe20 

hydrophobic cleft, although similar to the fibrils with two fold symmetry, changes in 

the orientation of the complex were observed. Nonetheless, it would be reasonable 

to think that this hydrophobic cleft, formed by the self-assembly of several 

monomers to form a fibril structure, is a general biding site for [Ru(bpy)2dppz]2+, 

which will likely be found in different polymorphic conformations of A fibrils.  
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Figure 38 Binding sites for 3-fold symmetry Aβ1-40 fibrils obtained by molecular 
docking simulations. Site K, which resembles site C of 2-fold Aβ fibrils, is the most 
plausible binding site for [Ru(bpy)2dppz]2+ complex. 

It is important to mention that the computational simulations presented 

were performed using -[Ru(bpy)2dppz]2+, however we also investigated the 

binding of the -[Ru(bpy)2dppz]2+ enantiomer. Interestingly, upon docking the 

isomer to sites C and D, no significant changes in the binding poses and binding 

frequencies were observed, which contrast with it behavior in DNA, which show 
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significant variations in photoluminescent intensity and lifetime depending on the 

bound enantiomer.133,206 We are currently investigating the binding of the pure - 

and - [Ru(phen)2dppz]2+ enantiomers to A using biophysical techniques and the 

results will be reported in Chapter 7. 

So far, our experimental results have shown that [Ru(bpy)2dppz]2+ binds to a 

single binding site and that this site is formed by ca. 2.6 monomers. Our 

computational simulations have identified a hydrophobic cleft between Val 18 and 

Phe 20 as the binding site for [Ru(bpy)2dppz]2+. This remarkable agreement 

between the experimental and computational studies has led us to propose that this 

site formed by Val 18 and Phe 20 and that runs throughout the fibril axis as the 

responsible for “turning-on the photoluminescence switch” of [Ru(bpy)2dppz]2+. To 

further demonstrate this assignment, we have studied the binding of 

[Ru(bpy)2dppz]2+ to the A25-35, an amyloid peptide fragment that lack the Val18-

Phe20 binding site but that form amyloid fibrils and bind other A binding dyes such 

as ThT (Figure 40).207,208 Figure 39 shows the photoluminescence of 

[Ru(bpy)2dppz]2+ in the presence of fibrillar A25-35 and A1-40. When 

[Ru(bpy)2dppz]2+ is in contact with A1-40 fibrils its photoluminescence increase by 

more than 65 fold, while when in contact with A25-35 fibrils the increase in 

photoluminescence is small (7 fold). The low photoluminescence response indicates 

a poor interaction between [Ru(bpy)2dppz]2+ and A25-35, which demonstrates that 

the hydrophobic cleft formed by Val18 and Phe20 is of great importance for the 

binding and photoluminescence response of [Ru(bpy)2dppz]2+.  
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Figure 39 Photoluminescence of [Ru(bpy)2dppz]2+ with fibrillar A. 
Photoluminescence spectra of [Ru(bpy)2dppz]2+ incubated with fibrillar A1-40 (red 
line), fibrillar A25-35 (blue line) and buffer (black line). Inset shows a TEM image of 
A25-35 fibrils. Scale bar 200 nm. 

 

Figure 40 Photoluminescence of ThT with fibrillar Aβ25-35. Fluorescence Spectra of 
ThT Incubated with fibrillar Aβ25-35 (blue line) and buffer (black line). There is a 
535‐fold increase in the fluorescence of ThT when in the presence of fibrillar Aβ25-35. 
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In summary, our binding and computational experiments have led us to 

conclude that the [Ru(bpy)2dppz]2+ binds to a hydrophobic cleft, formed on the 

surface of A fibrils between Val18 and Phe20 responsible for the “light switching” 

properties of this ruthenium dipyridophenazine complex. The great consistency 

between the biophysical studies and the computational simulations found in this 

study validate the proposed model and offers a guide for identifying the binding 

sites of other amyloid binding molecules. Although other binding sites could exist, 

those do not cause an increase in the photoluminescence of [Ru(bpy)2dppz]2+ upon 

binding, or are too scarce to produce any measurable effect (such as terminal sites A 

and B). It is important to point out that [Ru(bpy)2dppz]2+ binds DNA with the dppz 

ligand perpendicular to the DNA strand axis, whilst the binding to A is parallel to 

the fibril axis. This parallel binding mode is unprecedented for [Ru(bpy)2dppz]2+, 

and opens a new window of possibilities for the binding of this complex to other 

molecular architectures containing long hydrophobic domains on their surface. In 

addition, this research provides hard evidence of the ability of a hydrophobic cleft in 

the surface of A fibrils to bind hydrophobic molecules with extended aromatic 

systems. Therefore, it is reasonable to think that molecules such as coumarins and 

rhodamines, which have extended aromatic systems, can potentially bind A in a 

similar way. This would allow the design of a new generation of A binding 

molecules with potential applications in sensing and inhibition of A aggregation.  
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5.3. Methods 

5.3.1.1. Preparation of A 

Bulk A1-40 (lot #9596) was purchased from 21st Century Biochemicals and 

purified and stored following our previously reported methods.50 

5.3.1.2. Preparation of fibrillar aggregates  

A fibrils were formed from a purified lyophilized powder by reconstituting 

the peptide in a minimal amount of NaOH (2 mM NaOH adjusted to pH 10 with 100 

mM NaOH).107 The dissolved peptide was then placed in a bath sonicator for 2 

minutes and filtered through 0.2 µm centrifuge filters (VWR). After centrifugation, 

the A solution was diluted with PBS (100 mM sodium phosphate, 300 mM NaCl, pH 

7.4) to an approximate volume of 600 µL and the concentration was verified with an 

absorption coefficient of 1280 M-1cm-1 at 280 nm using a Shimadzu 2450 UV-Vis 

spectrophotometer. A typical initial concentration was between 150 µM to 170 µM. 

The A solutions were incubated a Boekel orbital shaker at 37 °C and 700 rpm for 

24 hours. 

Aβ25-35 was purchased from 21st Century Biochemicals. Each fibril sample 

was prepared from a 1 mg/mL sample initially dissolved in a small amount of DMSO 

then diluted to 1 mL with PBS buffer as referenced above. Samples were placed in a 

Boekel orbital shaker and incubated at 37 °C and 400 rpm for 24 hours. The 

photoluminescent experiments were performed by diluting Aβ25-35 and Aβ1-40 to 50 

M with 5 M [Ru(bpy)2dppz]2+.  
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5.3.1.3. Synthesis of [Ru(bpy)2dppz](PF6)2 

[Ru(bpy)2dppz](PF6)2 cis-Ru(bpy)2Cl2 was used as starting reagent (Strem 

Chemicals) and the dppz ligand was synthesized following previous methods.143,144 

The dppz ligand and cis-Ru(bpy)2Cl2 were refluxed in 1:1 methanol and water with 

vigorous stirring for 3 hours, as described by Amouyal et al.144  After 3 hours, the 

solution was concentrated under reduced pressure and upon the addition of 

ammonium hexafluorophosphate, orange-red crystals precipitated from solution. 

The crystals were purified by column chromatography (4:1 dichloromethane and 

acetonitrile) on SiliaFlash® P60 silica gel from SiliCycle. The PF6¯ salt was used for 

all binding experiments. Concentrated stock solutions were prepared in acetonitrile 

and verified with an absorption coefficient of 16,300 M-1cm-1 at 457 nm.129 

5.3.1.4. Photoluminescence experiments 

All steady-state photoluminescence experiments were taken on a Horiba-

Jobin Yvon Fluorolog 3. [Ru(bpy)2dppz]2+ was excited at 440 nm and right angle 

emission was obtained from 550-700 nm with 2 nm slit widths.  Both emission and 

excitation were corrected for instrument dependent effects.  Intensity at 640 nm was 

used for subsequent calculations. At high concentrations of metal complex, 

corrections for inner filter effects were required. This was performed following the 

methods of Kubista et al.209 The photoluminescent intensity was corrected by inner 

filter effect using:  
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Equation 2 

 

where Iemcorr is the corrected emission, Iemobs is the emission obtained from 

the spectrometer, A(ex) is the absorbance at the excitation wavelength and lp is a 

correction factor. The correction factor lp is given by: 

Equation 3 

 

where  is a proportionality constant that contains instrument parameters as well 

as the quantum yield of the metal complex. lp was calculated to be 0.48 by fitting 

Figure 41 to Equation 4: 

Equation 4 
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Figure 41 Different fluorophores were titrated in either PBS (Ru(bpy)3 and 
Rhodamine B or in acetonitrile ([Ru(bpy)2dppz]2+). By plotting the absorbance 
against the log of the absorbance at the excitation wavelength (440 nm) divided by 
the emission at 640 nm. A correction factor of 0.48 for 4 mm cuvettes and 0.18 for 
10 mm cuvettes (data not shown) was determined. The correction factor is 
independent of the fluorophore used. Axis are labelled only on Rhodamine B for 
clarity. The summary of coefficents for the correction factor are listed. 

5.3.1.5. Binding analysis 

Once fibrillar A content was determined, aliquots of A were diluted into 

metal complex samples in PBS and their photoluminescence determined. 

Photoluminescence intensities were corrected for inner filter effects. The 

dissociation constant was determined using Equation 5:210 

Linear fit by fluorophore 

[Ru(bpy)
3
]

2+ 

y=0.48x -6.72 R
2

=.9989 

[Ru(bpy)
2
dppz]

2+

 y=0.47x-7.34 R
2

=0.9996 

Rhodamine B y=0.48x – 7.81 R
2

=0.9996 
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Equation 5 

 

where PL is the photoluminescence of the [Ru(bpy)2dppz]2+ at different 

concentrations of fibrillar A, fRu is a proportionality constant that correlate 

[Ru(bpy)2dppz]2+ concentration with its photoluminescence intensity, fAß-Ru is a 

proportionality constant that correlate the concentration of the A-

[Ru(bpy)2dppz]2+ complex with its photoluminescence intensity, Atot is the sum of 

the concentration of the A-[Ru(bpy)2dppz]2+ complex plus free A, Rutot is the sum 

of the concentration of the A-[Ru(bpy)2dppz]2+ complex plus free [Ru(bpy)2dppz]2+ 

and Kd is the dissociation constant. The reported Kd is an average of five 

independent experiments with the error calculated from student’s T-test at 80% 

confidence interval. 

5.3.1.6. Job plot analysis203 

Fibrils (prepared as previously described) were centrifuged for 30 minutes at 

16,000 g and the supernatant was analyzed by UV-Vis absorption to determine the 

concentration of non-fibrillar A, which was determined to be around 5% of the 

original concentration. After taking into account non-fibrillized A and solvent loss 

due to evaporation, the A fibrils were diluted to a final concentration of either 20, 

50, or 100 µM. Photoluminescence was obtained by varying the metal complex-

peptide ratio with fixed total concentrations ([Ru(bpy)2dppz]2+ + A) of 20, 50 or 
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100 M. The molar ratio of [Ru(bpy)2dppz]2+ is defined as the moles of 

[Ru(bpy)2dppz]2+ divided by the total moles in the solution, i.e. [Ru(bpy)2dppz]2+ + 

A.  The photoluminescence intensities were corrected as described in the 

preceeding section. The molar ratio of A for any point in the Figure 32b can be 

obtained by subtracting the molar ratio of [Ru(bpy)2dppz]2+ from one. The number 

of A monomers per ruthenium complex is calculated by dividing the molar ratio of 

A by the molar ratio of [Ru(bpy)2dppz]2+ obtained from the maximum of Figure 

32b.  

5.3.1.7. Computational Methods  

All three molecular docking procedures were performed using the Autodock 

Vina 1.1.2 software211 on A1-40 fibril structures generously provided by Robert 

Tycko.182 For the docking simulations, the Ru2+ atom is replaced by Fe2+ atom as the 

parameters for the Ru atom are not available in the program. It is a valid 

approximation, because the [Ru(bpy)2dppz]2+ complex interacts with fibrils only 

through its aromatic ligands. Moreover, the Fe2+ and Ru2+ atoms are similar as they 

are in the same group of the periodic table. To treat the complex as a whole by the 

Autodock Vina program, the coordination between the metal and ligands is defined 

as a single bond by modifying the structure in the YASARA software.212 The size of 

the grid was chosen to occupy the whole ligand-peptide complex and the spacing 

was kept to 1.00 A  that is a standard value for Autodock Vina. Each docking trial 

produced twenty poses with the exhaustiveness value of twenty. In the rigid docking 

the flexibility of the receptor, A fibril, was elusive. To investigate the effect of its 
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flexibility on the docked structures, the following two methods were utilized: (1) 

flexible docking and (2) rigid docking on the different structures of the A fibrils 

derived from a short term (5ns) MD simulations in an aqueous solution. The 

molecular dynamics (MD) simulation used in the latter were performed using the 

GROMACS program213,214 utilizing the GROMOS force field GROMOS96 53A6.214 For 

all simulations, the starting structures were placed in a truncated cubic box with 

dimensions of 100  100  100 A . This dismisses unwanted effects that may arise 

from the applied periodic boundary conditions. The box was filled with single point 

charge (SPC) water molecules. Some water molecules were replaced by sodium and 

chloride ions to neutralize the system and to simulate an experimentally used ion 

concentration of 150 mM. The starting structures were subsequently energy-

minimized with a steepest descent method for 3000 steps. The results of these 

minimizations produced the starting structures for the MD simulations. The MD 

simulations were then carried out with a constant number of particles (N), pressure 

(P) and temperature (T) i.e. NPT ensemble. The SETTLE algorithm215 was used to 

constrain the bond length and angle of the water molecules, while the LINCS 

algorithm216 was used to constrain the bond length of the peptide. The long-range 

electrostatic interactions were calculated by the Particle-Mesh Ewald (PME) method. 

217 A constant pressure of 1 bar was applied with a coupling constant of 1.0 ps; 

peptide, water molecules and ions were coupled separately to a bath at 300 K with a 

coupling constant of 0.1 ps. The equation of motion was integrated at each 2 fs time 

steps. The tools available in the GROMACS program package and the YASARA 

program218 have been used for analyzing trajectories and simulated structures. 



 103 

The MD simulations of [Ru(bpy)2dppz]2+ bound to the A peptide were 

performed using AMBER 03 force field205 as implemented in the YASARA 

program218,219 in explicit aqueous solution. The box was filled with single point 

charge (SPC) water molecules. The sodium and chloride ions were also added to 

simulate the ion concentration of 150 mM under physiological conditions. The 

docked poses provided in the previous step were used as the starting structures and 

placed into a cubic box with dimensions of 101 x 84 x 78 A . The remaining 

parameters used in the simulations have been described above. Analysis of the 

trajectories and simulated structures were performed with the in-built tools of 

YASARA program. During these MD simulations C`, Cα atoms of terminal residues 

and atoms forming peptide bonds between residues Gln15-Lys16, Val24-Gly25, 

Lys28-Gly29, and Leu34-Met35 were fixed in order to maintain the secondary 

structures of A1-40 fibrils. These residues were selected due to their positions in the 

fibrils. The Val24-Gly25 residues are located at the end of first beta sheet, Lys28-

Gly29 at the beginning of the second beta sheet and Gln15-Lys16 and Leu34-Met35 

constitute two mid beta sheet residue pairs. These atomic constraints help to 

maintain the secondary structure of fibrils without affecting the flexibility of the 

binding sites.  

5.4. Contribution 

This Chapter was the result of a collaboration between Mehmet Ozbil and 

Professor Rajeev Prabhakar from the Department of Chemistry at the University of 
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Miami. They were responsible for the computer simulations to determine the 

binding sites for the metal complex. My contribution to the project was to develop 

the probes and binding assay to characterize the experimental interaction with Aβ 

fibrils. Christina Katsampes also helped to develop the binding assay and correct for 

inner-filter effects. 
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Chapter 6 

Ruthenium red colormetric and birefringent 

staining of amyloid-β aggregates in vitro and in 

Tg2576 mice 

This chapter was copied with permission from material published from ACS 

Chem. Neurosci., 2013, 4, 379–384 

6.1. Introduction 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease that is 

characterized by the pathological accumulation of misfolded amyloid proteins, such 

as amyloid-β (Aβ) in extracellular amyloid plaques, and hyperphosphorylated tau as 

intracellular neurofibrillary tangles. The transition of monomeric Aβ to misfolded, 

fibrillar Aβ plays an important role in the pathology of AD.220 New technologies now 

allow the identification of such misfolded proteins in plaques, and more recently 

plaques and tangles, by using imaging/labeling compounds.221,222 The identification 
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of additional and novel compounds that would allow facile staining of amyloid 

plaques will only advance these technologies. In this Chapter, we take advantage of 

two features of Aβ fibrils and plaques to develop novel imaging compounds: (i) their 

affinity for cationic species and (ii) their ability to imprint their chirality to bound 

compounds. 

Amyloid binding compounds contain certain general features, which include 

planar aromatic and hydrophobic systems, cationic charge, and some 

conformational freedom to fit into the binding site of the Aβ fibril.24,28,63,223-

227 Binding of molecules, like ThT, to Aβ aggregates in effect freezes their structure 

resulting in changes to their microenvironment, which results in a change in their 

properties (e.g., fluorescence intensity, color, and polarization among others) that 

can be utilized for staining. Of the many aforementioned properties, cationic 

character is of great interest to us, since Aβ fibrils and plaques readily bind cationic 

dyes and metal ions. For example, several cationic dyes such as rosaline dyes 

(crystal violet and methyl violet), alcian blue, Thioflavin T, and thiazine red have 

demonstrated high affinity to amyloid plaques226,228,229 as wells as cations such as 

calcium, iron, and copper.230 Additionally, Aβ aggregates can also bind metal 

complexes such as the dye cuprolinic blue231 and, as we have previously 

demonstrated, ruthenium(II) dipyridophenazine complexes.22,50 Thus, binding of 

cationic compounds and metal complexes to Aβ plaques represent an exploitable 

research avenue. 
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Also of interest are the changes in the photophysical properties of molecular 

probes when bound to Aβ fibrils. Upon binding to Aβ fibrils, many molecules suffer 

restriction in their conformational or rotational freedom. This concept is of great 

importance in the design of Aβ aggregate binding agents.24 For example, the 

restriction of rotational freedom is the main reason for the light switching 

properties of Thioflavin T, one of the most used dyes for fluorescent labeling of Aβ 

deposits.24,28,63,223,224,227 In addition to fluorescence, binding of certain compounds to 

amyloid fibrils could result in birefringence. Birefringence occurs when the chirality 

of the Aβ fibrils is imprinted into the bound achiral dye, with a consequential change 

in the optical rotatory dispersion of the dye, which is termed the Cotton effect.232 

Birefringence of the dye Congo red upon binding to Aβ fibrils and plaques is well-

known,232 and combined to its strong amyloid affinity makes it a useful histological 

tool.228 This induced chirality can also be observed by circular dichroism, with the 

appearance of circular dichroic bands near the visible spectrum absorption maxima. 

Thus, both cationic binding and conformational restriction leading to chirality 

transfer can translate to novel amyloid binding and imaging tools. 

We aimed to determine if nonchiral cationic metal complexes would bind to 

amyloid plaques and exhibit such birefringence. Ruthenium red, a cationic complex 

of ammoniated ruthenium oxychloride, was selected, as it has been used to stain 

calcium-binding proteins in Western blots233,234 and as a contrast agent to visualize 

amyloid plaques by electron microscopy.229,231 This Chapter presents the first 

demonstration of ruthenium red colorimetric and birefringent staining of amyloid 

plaques. We demonstrated that ruthenium red histochemically labels plaques within 
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the brains of the Tg2576 mouse model of AD. Furthermore, we showed that 

ruthenium red exhibits birefringence under a cross-polarizer microscope when 

bound to Aβ fibrils in vitro and murine amyloid plaques. This is of special interest, 

due to the wide usage of ruthenium red for labeling and staining, which will provide 

a facile, rapid, and inexpensive staining method of Aβ aggregates. Furthermore, its 

red color is an additional advantage for tissue examination. The novelty of this 

research resides in using ruthenium red as a colorimetric and birefringent staining 

agent for Aβ aggregates, which to our best knowledge are unexplored uses for 

ruthenium red. Furthermore, we expect that scientists commonly using this staining 

will become aware that amyloid aggregates could also be stained by ruthenium red, 

especially in tissues from organs subject to amyloidogenic depositions such as heart, 

liver, and pancreas. 

6.2. Results 

Ruthenium red is a triad of ruthenium cations joined by oxygen atoms in a 

nearly linear conformation (Figure 42a). The ruthenium atoms are octahedrally 

coordinated, with amine groups occupying positions not coordinated by the 

bridging oxygens. In the X-ray structure, two ruthenium octahedra are eclipsed and 

the third is rotated by 33°.235 Raman experiments support a similar structure in 

solution, although it is likely that when dissolved the amine group adopts a more 

staggered conformation. Nonetheless, for practical purposes, ruthenium red can be 

considered as a hexacationic molecular cylinder. The intense red color of ruthenium 
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red comes from its visible absorption spectrum with a strong band centered at ca. 

540 nm, and results in the transmission of red light (Figure 42b). 

 

Figure 42 Ruthenium red structure and absorption spectrum. (A) Ruthenium red 
schematic representation showing atom connectivity. (B) UV–vis spectrum of 
ruthenium red in aqueous solution. 

Our studies demonstrate that ruthenium red reversibly stains Aβ plaques in brain 

sections from the Tg2576 Alzheimer’s disease mouse model (Figure 43). Ruthenium 

red staining of amyloid plaques was verified with Thioflavin S (ThioS) fluorescent 

staining of the same plaques (Figure 43c). Neurons in the dentate cellular layer of 

the hippocampus and the Purkinje layer of the cerebellum were also stained (data 

not shown). Addition of a 250 mM calcium chloride solution to the tissue readily 
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removes ruthenium red, as indicated by the loss of the red coloration (Figure 43b). 

The displacement of ruthenium red from its binding site in the Aβ plaques by the 

calcium cations is consistent with binding by electrostatic interactions. 

 

Figure 43 Optical microscopy of ruthenium red stained brain tissues. (A) Optical 
image of 13 month old Tg2576 mice (n = 1) tissue section stained with ruthenium 
red. Arrowheads point to stained amyloid plaques. (B) Destaining of ruthenium red 
by Ca2+ (250 mM solution). (C) ThioS stained amyloid plaques in the same tissue 
sections. All images were from the somatosensory cortex. The magnification is 20×, 
and scale bar is 50 μm. Representative images fromn = 5 Tg2576 mice stained. 

The binding of ruthenium red to Aβ plaques can be rationalized in terms of 

electrostatic and hydrogen bonding between the tetra- and penta-amine groups of 

ruthenium red to negatively charged groups, such as carboxylic acids, on the Aβ 

peptides.236 Furthermore, the pH of the buffer (7.4) is above the isoelectric point of 

the Aβ peptide ( 5.5), and thus, at the physiological pH of 7.4, the plaques are 

negatively charged and prone to react with ruthenium red. Since ruthenium red 

could also bind to imidazole nitrogens on histidine amino acids,237 these residues in 
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Aβ may also be involved in binding ruthenium red. Other potential binding agents in 

the Aβ plaques could involve species such as calcium binding proteins, 

proteoglycans, and glycosaminoglycans, which have already reported to bind 

ruthenium red.229,233,234,238-243 A chemical method for desulfation of 

proteoglycans244 did not alter ruthenium binding to plaques (data not shown). 

Furthermore, transmission electron microscopy (TEM) images of in vitro produced 

Aβ fibrils (not containing proteoglycans) show good contrast when stained with 

ruthenium red, indicating good binding of ruthenium red to the aggregates (Figure 

44). Further experiments are needed to unambiguously determine the binding sites 

of ruthenium red to Aβ fibrils and plaques; however, this will likely be related to 

negatively charged amino acids at physiological pH such as Glu and Asp. 
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Figure 44 Transmission electron microscopy of in vitro grown Aβ fibrils stained 
with ruthenium red. Fibrillar structures are readily noticed when Aβ fibrils are 
stained with ruthenium red. Scale bar = 200 nm.  
 

We next aimed to identify if the chirality of the Aβ fibrils could be transferred 

to bound ruthenium red, exhibiting birefringence. Ruthenium red stained plaques 

(red) in the bright field image (Figure 46a) and these same stained structures 

exhibited green birefringence under cross-polarization (Figure 46b). To the best of 

our knowledge, green birefringence from amyloid plaques stained with ruthenium 

red has not been reported to date. Fluorescence of the amyloid binding dye 

Thioflavin S (Figure 46d) correlated with the same ruthenium red birefringent 

structures (Figure 46b). This confirms that the birefringence of ruthenium red is 

due to its interaction with amyloid plaques. Additionally, when the brain sections 

were imaged using cross-polarizers, green birefringence was only observed from 

ruthenium red stained amyloid plaques and not from the surrounding peripheral 
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tissue or neurons stained with ruthenium red (Figure 46b vs a). Unstained Aβ 

plaque-containing tissue shows no birefringence under cross-polarized light (data 

not shown), again confirming that the observed birefringence arises due to the 

interaction of ruthenium red with Aβ plaques. Moreover, it is important to consider 

that ruthenium 360, a different ammoniated ruthenium compound, is a common 

impurity found in ruthenium red. To verify the role of ruthenium 360 in the staining 

and birefringence observed in tissue sections, some murine brain sections were 

stained specifically with this dye. Cross-polarized microscopy images of brain tissue 

stained with ruthenium 360 are completely black, while those stained with 

ruthenium red showed the expected green birefringence (Figure 45). This also 

confirms that ruthenium red is responsible for the red staining and the green 

birefringence of Aβ plaques in tissue. 
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Figure 45 Cross-polarized microscopy images of Tg2576 brain tissue stained with 
ruthenium 360. A) ruthenium red and B) ruthenium 360 stained tissue sections 
imaged under cross polarizers. C) ruthenium red and D) ruthenium 360 stained 
tissue sections imaged using optical microscopy. It is conspicuous that images in B 
and D, which correspond to ruthenium 360 stained tissue, does not present any 
significant staining or birefringence. 
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Figure 46 Polarized optical microscopy of tissue sections stained with ruthenium 
red. Representative (A) bright field and (B) crossed polarized microscope images of 
ruthenium red stained 13 month old Tg2576 brain tissues with 10× magnification. 
(inset: 20× magnification of central plaque). (C) Bright field and (D) fluorescence 
microcopy image of Thioflavin S amyloid plaques stained in successive brain 
sections. Arrows show positively identified plaques. The scale bar represents 100 
μm. All images were from the anterior olfactory nucleus. 

To demonstrate that this birefringence was specific to Aβ aggregates, and not from 

other protein components within amyloid plaques, we performed in vitro 

experiments on synthetic Aβ fibrils. Synthetic Aβ fibrils were grown in vitro, stained 

with ruthenium red, and then visualized under cross-polarization, showing green 

birefringence (Figure 47a). Monomeric Aβ and ruthenium red by themselves show 
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no birefringence as observed in Figure 47b,c. Birefringence suggests that the achiral 

ruthenium red gain some chirality due to the interaction with the fibrils, and 

therefore we used circular dichroism to demonstrate such dichroism. An induced 

circular dichroic band at 550 nm was observed by circular dichroism when 

ruthenium red was bound to Aβ aggregates (Figure 47d). This band is consistent 

with the UV–vis spectrum of ruthenium red in the same region (Figure 42). The 

circular dichroism spectra of ruthenium red, Aβ monomer, and Aβ aggregates alone 

show no peak at 550 nm, which confirms that this peak arises due to the interaction 

of these two species. The fact that the induced dichroic band at 550 nm is not 

present in the circular dichroism spectrum of ruthenium red alone in buffer solution 

can be explained due to the lack of chirality of ruthenium red. Of note, Aβ fibrils 

demonstrate β-sheet structure via circular dichroism, with a maximum at ca. 200 

and a minimum at 218 nm, while the monomeric Aβ demonstrates a random coil 

structure with a minimum at 200 nm via circular dichroism. The appearance of the 

550 nm induced dichroic band together with the spectral features consistent with β-

sheet structure is a validation of the ruthenium red binding to β sheet structures of 

amyloid.  
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Figure 47 Birefringence and circular dichroism of in vitro prepared Aβ fibrils 
stained with ruthenium red. Cross-polarized microscope images of (A) in vitro 
grown Aβ fibrils, (B) monomeric Aβ in the presence of ruthenium red (10× 
magnification), and (C) ruthenium red in the absence of Aβ peptide. (D) Circular 
dichroism spectrum of in vitro grown Aβ fibril (green line), in vitro grown Aβ with 
ruthenium red (blue line), prefibrillar monomeric Aβ with ruthenium red (black 
line), and ruthenium red in buffer solution (red line). Inset: Circular dichroism 
spectral region from 500 to 600 nm obtained with additional acquisitions and with 
in-program line smoothing. 

This birefringence and induced dichroic shift can be explained by induced chirality 

on ruthenium red when bound to Aβ fibrils. The left-handed twist of β-sheets within 

Aβ fibrillar structures results in an overall and intrinsic left-handed 

chirality.245 Consequently, Aβ plaques are composed in great part of Aβ fibrils with 

intrinsic chirality, which thus gets imprinted in the nonchiral ruthenium red 
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molecules. This induced dichroism, also termed the Cotton effect,232 has been 

observed when ruthenium red binds to the ordered structure of DNA.246 

Transition metal complexes present an interesting and relatively unexplored 

alternative for new amyloid-binding molecules with potential application to Aβ 

aggregates labeling and inhibition. The advantages of metal complexes include 

formation of stable complexes, the tuning of ligand affinities, and good 

photostability, among others.237 One caveat of the use of ruthenium red in living 

systems is that it alters calcium uptake via several mechanisms,247-249 and at high 

concentrations can cause seizures and paralysis.250 However, it has been used in 

vivo for imaging cancer cells, and for cancer and ischemia therapy.237,251-254 

6.3. Conclusion 

In conclusion, we clearly demonstrate ruthenium red binding and 

birefringence upon binding to amyloid plaques via ionic interaction with 

birefringence due to induced chirality. Such staining is important as it introduces 

novel, inorganic, metal–ligand chemistry into the field of Alzheimer’s disease brain 

imaging. 

6.4. Methods 

6.4.1.1. Materials 

Thioflavin S (ThioS) was obtained from VWR, ruthenium red (ammoniated 

ruthenium oxychloride) from Sigma, and ruthenium 360 from EMD Millipore. 
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Vectashield without DAPI was purchased from Vector Laboratories. All water used 

in experiments was purified to 18 MΩ using an ion exchanger and reverse osmosis 

unit (Purlab Ultra, Elga, Lowell, MA). 

6.4.1.2. Transgenic Mice 

Mouse brain tissues from 13 month old Tg2576 (n = 10) and control (n = 6) 

mice were obtained from Dr. Kelly T. Dineley. All animal procedures and protocols 

were in accordance to University of Texas Medical Branch (UTMB) animal use 

protocols and IACUC approval. The animal colony was maintained as described 

previously.255 Mice were euthanized with ketamine (10 mg/mL)/xylazine (1.5 

mg/mL) and transcardially perfused with PBS, pH 7.4, followed by 4% (w/v) 

paraformaldehyde fixative in PBS, pH 7.4. Whole brains were removed, postfixed 

overnight at 4 °C, sucrose protected, and stored at −80 °C. The brains were then 

postfixed again in 4% paraformaldehyde/saline overnight prior to paraffin 

embedding. The brains were sectioned sagittally at 5 μm by the Texas A&M 

Histology Core and used for the following experiments. 

6.4.1.3. Histochemistry 

Slides were deparaffinized by twice immersion in xylenes for 5 min each, 

followed by rehydration through decreasing concentrations of ethanol (100%, 95%, 

80%, and 70%) for 1 min each and ending in water. 
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6.4.1.4. Ruthenium red staining 

Ruthenium red (0.05% w/v) was prepared by dissolving 0.025 g into 50 mL 

of PBS (100 mM, pH 7.4),233 with brief sonication. Rehydrated slides were immersed 

in this ruthenium red solution for 10 min, washed in 100 mM PBS for 5 min, 

coverslipped with Vectashield (without DAPI), and imaged using light microscopy. 

6.4.1.5. Ruthenium Red Destaining 

Ruthenium red was destained with a CaCl2 solution (250 mM or higher) for 

20 min and washed in 100 mM PBS for 5 min. For subsequent staining with ThioS, 

the Ca2+ was removed by immersion in 250 mM EDTA for 10 min and then rinsed in 

ddH2O for 3 min. 

6.4.1.6. Thioflavin S (ThioS) Staining 

ThioS staining was performed as previously described.256 The ThioS solution 

(0.0125%) was prepared by dissolving 0.0125 g of ThioS in 100 mL of 40:60% 

PBS/ethanol. Slides were stained with this ThioS solution and resolved in 50% 

PBS/ethanol for 3 min each. The slides were washed twice in 100 mM PBS for 15 

min each, then in ddH2O, coverslipped in Vectashield (without DAPI), and viewed 

using fluorescence microscopy. 
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6.4.1.7. Ruthenium 360 Staining 

Ruthenium 360 was prepared by dissolving 1 mg of the material into 1 mL of 

ddH2O. Rehydrated slides were immersed in ruthenium 360 diluted to 0.5 mg/mL 

for 10 min, washed in ddH2O for 5 min, and coverslipped with Vectashield (without 

DAPI). 

 

6.4.1.8. Ruthenium Red Birefringence of Murine Plaques and Fibrillar Aβ 

Slides were stained with ruthenium red as described above. Images were 

acquired using a Zeiss Axioplan 2 microscope equipped with polarizers, under 

crossed polarization. Ruthenium 360 stained brain sections on slides were imaged 

in a similar fashion. 

For images of in vitro grown Aβ fibrils, 100 μM samples were prepared in 

PBS buffer. After 24 h of incubation at 37 °C and with orbital shaking at 900 rpm in 

an Eppendorf Thermoshaker, samples were centrifuged at 16 000g for 30 min. The 

excess supernatant was removed, and the pellet was resuspended in a minimal 

amount of buffer. For samples with ruthenium red, a minimal volume of 

concentrated ruthenium red stock solution was added to the suspension to obtain a 

final concentration of 0.05% (w/v). Rectangular capillary tubes (Vitrotubes) were 

used to hold the samples for imaging. 
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6.4.1.9. Ruthenium Red Induced Circular Dichroism with Aβ Fibrils 

Circular dichroism spectra were obtained using a Jasco J-810 spectropolarimeter 

with 0.4 cm quartz cuvettes containing pH 7.4 PBS (100 mM phosphate, 300 mM 

NaCl), Aβ (100 μm), and ruthenium red (0.05% w/v). The molar residual ellipticity 

was calculated from the measured ellipticity using the following equation: 

Equation 6 

    
  

    
 

where θ is the measured ellipticity in mdeg, m is the molar mass of the peptide in 

g/mol, c is the concentration of the peptide in mg/mL, l is the path length of the 

cuvette in cm, and nr is the number of residues.257 Aβ fibrils were incubated as 

reported above.50 

 

6.4.1.10. Transmission Electron Microscopy 

Two microliters of Aβ sample (100 μM) were deposited on a glow discharged 

copper grid (Ted Pella 01811) and allowed to adsorb for 1 min. The sample was 

then wicked dry and washed with 50 μL of water. Then 3 μL of a 0.025% solution of 

ruthenium red was applied to the grid, and the staining was allowed to proceed for 
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1 min until the sample was wicked dry. The samples were then imaged on a JEOL 

1230 transmission electron microscope operating at 80 kV. 

6.5. Contributions 

This Chapter was a result of a collaboration with the group of Professor Ian 

Murray in the Department of Neuroscience and Experimental Therapeutics at the 

Texas A&M Health Science Center. His group developed the Ruthenium Red staining 

procedure and performed all the histological staining. My contribution to the project 

was to improve on the microscopy by employing the birefringence using a polarized 

microscope. Additionally, I did the TEM and CD characterization of Aβ fibrils. 
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Chapter 7 

Binding of ruthenium(II) dipyridophenazine 

complexes to amyloid-β: a study of Δ and Λ 

enantiomers 

(This chapter contains material intended to be submitted for publication)  

 

7.1. Introduction 

Transition metal complexes have interesting photophysical properties that 

allows their use in a wide variety of detection applications in biomedical research. 

One of the most widely studied complexes is [Ru(bpy)2dppz]2+ (bpy= 2,2’-

bipyridine, dppz= dipyrido[3,2-a:2′,3′-c-phenazine] first reported 1990 for its 

remarkable “light-switching” in the presence of DNA.52 Since this discovery, much 

work has been done to investigate the photophysical basis for this emission. The 
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metal complex is generally recognized as having an emissive and a non-emissive 

excited states, whose energies are influenced by the microenvironment of the 

complex.138 In the presence of DNA or aprotic solvents, the complex is highly 

emissive, while in water the photoluminescence is very weak. While the 

dipyridophenazine (dppz) ligand generates the “light-switching” effect, ancillary 

ligands greatly influence the photoluminescence and sensing properties of these 

complexes. For example, by increasing the hydrophobicity of the 2-2’-bipyridine 

(bpy) ligands, the Barton group was able to develop a probe that can cross cellular 

membranes.54,199 Additionally, ligand substitution changing the bpy ligand to 1,10-

phenanthroline (phen) has considerable effect on the quantum yield of the complex 

in the presence of DNA163 or with fibrillar peptide aggregates.51 Furthermore, 

numerous transition metals in addition to Ruthenium have been investigated such 

as chromium, osmium, and rhenium, among others.258 The rationale for light 

switching is thought to be the intercalation of the dppz ligand between the base 

pairs of the DNA helix. The intercalation of dppz within the bases of DNA cause a 

destabilization of the non-emissive excited state with a concomitant population of 

the emissive excited state, which results in the photoluminescence emission. While 

most applications use racemic forms of the complex, significant work has gone into 

investigating the binding properties of the Λ and Δ enantiomers to DNA.179,259 Hiort 

et al. reported in 1993 that while both enantiomers bind with similar affinities, the Δ 

complex has a quantum yield 6-10 times higher than the Λ complex, suggesting that 

most of the observed photoluminescence results from the Δ isomer.179 Recently 
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crystal structures with DNA of the Λ-[Ru(phen)2dppz]2+ complex260 and the Δ-

[Ru(bpy)2dppz]2+ complex201 were resolved. Hakan, et al. demonstrated two binding 

modalities for the Λ-[Ru(phen)2dppz]2+ isomer with intercalation perpendicular to 

the DNA helix axis and canted binding along with semi-intercalation of one of the 

phen ligands. This research is in agreement with the recent work by Andersson et al. 

which suggests there are two possible binding orientations within the minor 

groove.206 Further justification for multiple binding geometries is supported by the 

biexponential lifetimes observed when these complexes interact with DNA. The 

multiple lifetimes are thought to be due to different exposures of the dppz ligand to 

water depending on the orientation of the bound molecule.261  

 

Figure 48 10 x 10 µm AFM image of Aβ fibrils deposited onto a glass slide 

While ruthenium(II) complexes have been extensively studied with DNA, they are 

rarely used as probes for other macromolecules such as proteins134 or 

membranes.262 We have recently reported the use of these complexes as probes to 

study the transition of amyloid proteins from the monomeric to the aggregated state 
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in vitro and in cells.22,50,51 Amyloid-β (Aβ) is a 39-43 amino acid peptide that has a 

propensity to aggregate into large fibrillar structures (Figure 48). A key hypothesis 

for the progression of Alzheimer’s disease posits that the transition from 

monomeric Aβ to higher order aggregates has a causative role in neurotoxicity.2,181 

In this study we investigate, for the first time, the interaction of the individual 

[Ru(phen)2dppz]2+ enantiomers with Aβ fibrils. Given the inherent left-handed 

chirality of most amyloid fibrils263, we sought to further investigate whether 

preferential binding of Λ or Δ enantiomers of [Ru(phen)2dppz]2+ takes place in the 

presence of fibrillar Aβ.  

7.2. Results 

To determine the binding stoichiometry of [Ru(phen)2dppz]2+ to Aβ  we used 

the method of continuous variation 203. Figure 49 shows the Job plot for the racemic 

[Ru(phen)2dppz]2+ complex, as well as the individual isomers. While 

[Ru(phen)2dppz]2+ racemic  mixture and Δ-[Ru(phen)2dppz]2+ have the same 

maxima (0.3 mole fraction; 2.3 Aβ monomers per ruthenium complex), Λ-

[Ru(phen)2dppz]2+ maximum value is noticeable different (0.4 mole fraction; 1.5 Aβ 

monomers per ruthenium complex). Interestingly, there are no obvious inflection 

points in the graph suggesting a second binding modality as was observed from the 

results by Haq et al. for the binding of [Ru(phen)2dppz]2+ to DNA.259 
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Figure 49 Job plot of a 20 µM fibril solution with racemic (●), Δ (■), or Λ (▲) metal 
complex. Maxima for the racemic and Δ complex are marked with a  long black 
dashed line. Maximum for the Λ complex marked with a short blue dashed line. 
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Figure 50  A) 1 µM of complex with calf thymus DNA. B) 1 µM of complex with 
fibrillar Aβ. C) Normalized photoluminescence of metal complex with 4 µM of 
fibrillar Aβ. D) 1 µM of metal complex, either with bpy or phen ligands, and 4 µM of 
fibrillar Aβ. 
 

To analyze the stability of complex between [Ru(phen)2dppz]2+ and Aβ fibrils we 

studied the photoluminescence of different concentrations of [Ru(phen)2dppz]2+ 

(0.5 - 30 µM) with a fixed concentration of Aβ fibrils (4 µM). Figure 50c shows the 

saturation plots for racemic [Ru(phen)2dppz]2+ and the enantiomers and the 

dissociation constant are presented in Table 2. The two enantiomers present similar 

dissociation constants while the racemic mixture is slightly higher. Unlike reports 
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with DNA, we observed similar photoluminescence response with both enantiomers 

(Figure 50a,b). 

Table 2 Dissociation constants for [Ru)phen2dppz]2+ 

 

 
 

 

 
 
 
 

We furthered studied the binding constants of these complexes in the 

presence of increasing salt (NaCl) concentrations. We found that increasing salt 

concentration slightly impaired the binding of the complex (Figure 51). At the 

highest concentration of salt tested, 500 mM, the Kd of a racemic metal complex with 

fibrillar Aβ was 6.3 times higher than a salt free solution (2.7 µM with 0 mM NaCl 

and 17.1 µM with 500 mM NaCl).  

 

Metal complex 
Dissociation 

constant (Kd) (µM) 
Standard 

Error 

(■)Racemic 2.68 
 

0.31 
 

(♦)     Δ 1.95 
 

0.22 
 

(▲)    Λ 2.17 
 

0.29 
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Figure 51 Dissociations constants for 4 µM samples of fibrillar Aβ were determined 
by titrating racemic [Ru(phen)2dppz]2+ and fibrillar Aβ solution with increasing 
concentrations of sodium chloride. 

The lifetimes of complexes (5 µM) with fibrillar Aβ (4 µM) were determined 

and the data are summarized in Table 3. The racemic complex and both enantiomers 

show similar lifetimes with two components, a short component of ca. 80 ns and 

longer component of ca. 430 ns. In contrast to previously reported work with DNA, 

the lifetime components of the Δ and Λ enantiomers show no variation in excited 

state lifetime when bound to fibrillar Aβ. 
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Table 3 Photoluminescent lifetime parameters for [Ru(phen)2dppz]2+ with fibrillar 
Aβ 

 

7.3. Discussion 

This Chapter describes the interaction of [Ru(phen)2dppz]2+ enantiomers 

with Aβ fibrils and finds that there is little selectivity for the binding of Δ or Λ 

isomers. Binding constants with DNA have been reported to be greater than 106 M-1 

and the strong binding of these complexes to DNA supports the intercalative binding 

model, whose structures have been recently characterized by X-ray crystallography. 

Furthermore, these studies also show that there is little enantioselectivity in the 

binding constants, with perhaps a slight increase for the Δ isomer.259 When 

compared with DNA, we observed significantly weaker binding on the order of 105 

M-1. Although our calculated binding constants are smaller than those calculated for 

DNA, they are comparable with other well-known amyloid dyes such as Congo Red 

with a Kd  of 1.1 µM.202 Chapter 5 reported a series of biophysical and computational 

binding studied with a similar complex, [Ru(bpy)2dppz]2+. This study suggests that a 

hydrophobic pocket formed from amino acids Valine-18 and Phenylalanine-20 in 

fibrillar Aβ, is the responsible that holding the metal complex and promotes the light 

switch effect by changing the microenvironment around the dppz ligand.22 It is 

Racemic Δ Λ 
 

1001 

 
1/ns 1002 2/ns 2 1001 1/ns 1002 2/ns 2 1001 1/ns 1002 2/ns 2 

7.76 
85.04 

(13.36) 
1.95 

432.47 
(7.55) 

1.21 8.62 
78.93 

(14.70) 
2.28 

418.07 
(7.91) 

1.16 8.71 
81.56 

(13.29) 
2.30 

430.60 
(8.18) 

1.19 
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reasonable to think that binding of the dppz ligand to the aforementioned 

hydrophobic pocket results in a more loose interaction than intercalation within 

DNA bases, which is consistent with smaller binding constant observed for Aβ.  

Interestingly, while we see that substituting 2,2’-bipyridine by 1,10-

phenanthroline produces a greater enhancement in the observed light switching, 

there are relatively minor variations in binding stoichiometry and affinity of 

[Ru(bpy)2dppz]2+ and [Ru(phen)2dppz]2+. This can be understood if we consider 

that the binding of these complexes to Aβ is mainly mediated by the dppz ligand, 

and therefore the forces that influence binding are similar. If the metal complex was 

binding over a broad area or penetrating deep into the fibril, ligand substitutions 

would be more likely to influence the affinity of the complex with the fibril. This is 

supported by the dissociation constants which present statistically equivalent 

values, with a Kd of 2.1   0.5 µM for the racemic [Ru(bpy)2dppz]2+ and a Kd of 2.7 

      for the racemic [Ru(phen)2dppz]2+. The excited state lifetime data also 

supports this binding model. Hiort et al. reported lifetimes with calf thymus DNA 

where a 1:1 ratio of [Ruthenium/[DNA Phosphate] demonstrated an almost 25% 

reduction in the second and longer lived component (Δ, τ2=515 ns and Λ τ2=391).179 

While ligand substitution seems to play a minor effect in binding, it seems to have an 

important role in modulating the photophysical properties of these metal 

complexes. For example, we reported lifetime data for the [Ru(bpy)2dppz]2+ 

complex with a two component excited state lifetime of 21 and 221 ns whereas the 

similar [Ru(phen)2dppz]2+ complex has lifetimes around twice as long (table 3).50  It 
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is plausible that the stronger photoluminescence of [Ru(phen)2dppz]2+ in 

comparison with [Ru(bpy)2dppz]2+ is likely due to a better interaction of the phen 

ligands with the hydrophobic chain of the binding pocket that result in a better 

shielding of the dppz ligand from the aqueous surrounding medium.163 Additionally, 

while Hiort et al. reported a 6-10 fold change in photoluminescence between Δ and 

Λ enantiomers with calf-thymus DNA179, we observe no difference in 

photoluminescence when using Aβ fibrils (Figure 50). More dramatic examples of 

DNA binding have been evaluated where Δ-[Ru(DIP)3]2+  (DIP= dipyridophenazine) 

only binds B-DNA and the Λ isomer preferentially binds Z-DNA, making chiral 

complexes useful probes in determining DNA handedness.264 The possibility 

remains open that stereoselectivity might be achieved by investigating the binding 

of metal complexes with bulkier ligands to Aβ fibrils. 

By using a continuous variation method203 we found that racemic 

[Ru(phen)2dppz]2+  and Δ-[Ru(phen)2dppz]2+  require 2.3 Aβ monomers to form a 

binding site, while Λ-[Ru(phen)2dppz]2+ require a noticeable smaller amount of 1.5. 

These values compare with our previous work which identifies 2.6 Aβ monomers 

per racemic [Ru(phen)2dppz]2+.22 The fact that Λ-[Ru(phen)2dppz]2+ required less 

Aβ monomers implies that the dppz ligand assumes an angle closer to 90 (in 

relation with the fibril) than Δ-[Ru(phen)2dppz]2+. This could be to a stronger 

interaction of the phen ligands of Δ-[Ru(phen)2dppz]2+ with the side chain of Phe20 

and Val18 in the binding site, forcing the dppz ligand to assume a narrower angle, 

and therefore to occupy more space on the fibril surface. The larger stoichiometry 
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value for racemic [Ru(phen)2dppz]2+  is somewhat expected since more space is 

required to accommodate different enantiomers together than enantiomers of the 

same class. This finding also justifies the light switching behavior observed with 

little to no fluorescence in the absence of fibrillar Aβ, suggesting that multiple 

monomers are required to assemble to produce a binding site with a hydrophobic 

microenvironment that would facilitate the light switching behavior.  

Our current model suggests that [Ru(phen)2dppz]2+  is stabilized by hydrophobic 

forces in the hydrophobic cleft formed between Val18 and Phe20 on the fibril 

surface. Interestingly, our salt titration data shows a reduction in the binding 

constant as the salt concentration is increased. This indicates that electrostatic 

interactions also play a noticeable role in binding. It is possible that the positively 

charged ruthenium core is stabilized by adjacent amino acid side chains. For 

example, glutamic acid at position 22 is negatively charged at pH 7.4, and adjacent 

to the binding site for [Ru(phen)2dppz]2+.  Increasing salt concentration will shield 

the electrostatic interaction between [Ru(phen)2dppz]2+ and Glu22, reducing its 

calculated binding to Aβ fibrils. Experimental work by Levine265 and theoretical 

studies by Wu et al.266 suggest that high salt concentrations divert Thioflavin T to 

alternative binding sites as an explanation to changes in binding affinity seen by 

increasing ionic strength. Therefore, an alternative explanation is that other binding 

sites exist along the fibril that could be induced by the increase salt concentration. 

However, given that the data fits well with our current hydrophobic model, it is 
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more likely that this behavior is evidence for an additional electrostatic component 

to the binding. 

In summary, we have for the first time reported the interaction of 

[Ru(phen)2dppz]2+ enantiomers with fibrillar Aβ. In stark contrast to previous work 

with DNA, we find minimal differences in photoluminescence intensity, or excited 

state lifetimes, as well as in fibril binding regarding either the Δ or Λ isomers when 

in the presence of fibrillar Aβ. Our Job plot analysis finds a slight difference between 

Δ and Λ isomers, with Λ requiring fewer monomers to bind. These results support 

our current hypothesis of a non-intercalative interaction with fibrillar Aβ stabilized 

by a hydrophobic cleft along the fibril axis. This worker further elucidates a 

previously unexplored electrostatic component in Aβ fibril binding, suggesting that 

electrostatics can also play an important role in stabilizing the binding interactions 

of these complexes to Aβ. 

7.1. Methods 

7.1.1.1. Synthesis of metal complexes 

Synthesis of Ruthenium(II) Complex. The bis-1,10-phenanthroline 

complex (cis-Ru(phen)2Cl2) was synthesized following the methods of Sullivan et 

al.178 RuCl3·xH2O (56 mmol, Strem chemicals), 1,10-phenanthroline (112 mmol, 

Sigma-Aldrich), and LiCl (3.7 mmol, VWR) were refluxed in 25 mL DMF for 4 h. 200 
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mL Acetone were then added to the reaction mixture, which was cooled overnight at 

4 °C. The resulting complex was filtered and washed extensively with water.  

 
Dipyrido[3,2-a:2′.3′-c]phenazine (dppz). The dppz ligand was synthesized 

following the methods of Dickeson et al.143 1,10-phenanthroline- 5,6-dione was 

synthesized by adding to 1 g of 1,10-phenanthroline and 1 g KBr, an ice cold mixture 

of H2SO4 (10 mL) and fuming HNO3 (5 mL). The reaction was refluxed for 3 h, then 

immediately poured onto crushed ice and neutralized with NaOH to a pH of 6. The 

product was extracted from the aqueous solution with dichloromethane.  

Then, the 1,10-phenanthroline-5,6-dione was reacted with a slight molar 

excess of 1,2-diaminobenzene in 30 mL of ethanol (bubbled with nitrogen) for 2 h 

under reflux.143 After reflux the solution was concentrated under reduced pressure 

then allowed to cool. The dppz crashed out of solution as was filtered and washed 

with cold ethanol. The synthesis was verified with 1H NMR. 

 
[Ru(phen)2dppz](PF6)2. cis-Ru(phen)2Cl2·2H2O with a molar equivalent of 

dppz ligand was refluxed in a 1:1 methanol and water solution with vigorous 

stirring for 3 h following the methods of Amouyal et al.144 After three hours the 

solution was allowed to cool and concentrated under reduced pressure. The product 

was precipitated from solution by the addition of NH4PF6 and filtered. The reddish-

orange crystals were purified with HPLC. 
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7.1.1.2. Enantiomers separation 

Metal complexes were purified using HPLC. Methods were adapted from 

Song et al.201 A solvent mixture of 100 mM of KPF6 in water (solvent A) along with 

acetonitrile (Solvent B) were run at a fixed ratio of 0.23 mL/min (A) and 0.28 

mL/min (B) on a Supelco Astec CYCLOBOND I 2000 DMP 25 cm x 4.6 mm column 

with 5 µm particle sizes. 15 µL injections of a 3 mM complex dissolved in 

acetonitrile gave total separation of the Δ and Λ isomers. Enantiomer assignments 

were verified using circular dichroism spectroscopy (using a Jasco J-810 

Spectropolarimeter).  After HPLC purification, the complexes were extracted with 

dichloromethane and washed 5 times with water. The material was then dissolved 

in a minimal amount of acetone and converted to the water soluble chloride salt 

with tetra-n-butylammonium chloride. The chloride salt was then washed 3 times 

with ethyl acetate. The resulting complex was then dissolved in water and the 

concentration was determined using an absorption coefficient of 20,000 M-1cm-1 at 

440 nm.   
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Figure 52 Circular dichroism of the Λ (top peak, blue), racemic (middle peak, red) 
and Δ (bottom peak, black) 

 

7.1.1.3. Fibril preparation 

Aβ was purchased from 21st century chemicals and purified by HPLC. The 

peptide was first desalted using Cellu∙Sep H1 2000 molecular weight cutoff dialysis 

membranes, lypophilized, and store at -20 °C. Samples were then reconstituted and 

run on a gradient of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in 

acetonitrile. The gradient ran at 1.5 mL per minute from 80% 0.1% TFA in water to 

0% over 20 minutes at 60 °C on a Waters XBridge BEH300 Prep C18 150 x 10 mm 

column. Typical retention times are about 13 minutes. The purified peptide was 
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lyophilized at stored at -20 °C. To form fibrils, the lyophilized peptide was dissolved 

in 2 mM NaOH with a minimal amount of 100 mM NaOH following the methods of 

Fezoui et al.107 The peptide was then sonicated for 2 minutes and then centrifuged 

through 0.2 µm centrifuge filters (VWR). The filtered peptide was resuspended into 

20 mM phosphate buffer with 0.01% sodium azide (pH 7.4) to a final concentration 

of ca. 130 µM, verified with UV-Vis spectroscopy. Fibrils were allowed to incubate at 

37 °C at 1000 RPM for 48 hours. A small aliquot of fibril solution was centrifuged at 

16,000g then filtered and measured with UV to assess how much non-fibrillized 

peptide remained in solution; typically this number was less than 5% of the initial 

concentration. 

7.1.1.4. Job Plot 

Fibrils were prepared as stated above, and then diluted to a final 

concentration of 20 µM. The photoluminescence of a fibril and metal complex was 

determined, with the concentration of fibrils and metal complex fixed to 20 µM. The 

photoluminescence of buffer-metal complex solution was subtracted from the 

photoluminescence of the Aβ-metal complex solution.  The x-axis is Figure 49 is the 

mole fraction of [Ru(phen)2dppz]2+ and subtracting that value from 1 will give the 

mole fraction Aβ. Dividing the mole fraction of Aβ by mole fraction of 

[Ru(phen)2dppz]2+ at the maximum photoluminescence will give the ratio Aβ 

monomers per metal complex.  
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7.1.1.5. Binding Assay 

Photoluminescence experiments were performed by exciting at 440 nm and 

taking the emission intensity at 640 nm, and correcting for instrument dependent 

effects. Aβ was diluted into 400 µL of the metal complex solution to a final 

concentration of 4 µM. Corrections for inner filter effects were necessary and 

performed following the methods of Kubista et al.267 Binding constants were 

determined using a single site binding as reported elsewhere.22,210  

7.1.1.6. Lifetime measurements 

Lifetime measurements of the metal complex with fibrillar Aβ were 

determined using a using an Edinburgh Instruments OD470 single-photon counting 

spectrometer with a 443.6 nm picosecond pulse diode laser with a high speed red 

detector.  1500 data points were collected for each measurement and lifetimes fitted 

to a biexponential function. 

7.1.1.7. Atomic Force Microscopy (AFM) 

Fibril formation was verified using AFM. A small section of a glass slide was 

cleaned in a 3:1 NH4OH:30% H2O2 solution then incubated briefly with 400 mM of 

ZnCl2. A concentrated sample of fibrils were deposited onto the surface and allowed 

to adhere for 5 minutes. They were then spun dry and washed with water. Images 

were acquired at 1.0 Hz at 512 lines of resolution on a Veeco Multimode atomic 

force microscope. 
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7.1.1.8. Circular dichroism 

Spectra were taken using a 4 mm quartz cuvette on a Jasco J-810 

spectropolarimeter. Metal complex concentration was 5 µM in 20 mM sodium 

phosphate buffer .01% (w/v) sodium azide. 
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Chapter 8  

Conclusions and outlook 

The purpose of this thesis was to develop methods for the formation of 

amyloid fibrils and to evaluate the use of ruthenium(II) complexes as probes for 

amyloid detection. To that end, several metal complexes were evaluated, however, 

[Ru(bpy)2dppz]2+ and [Ru(phen)2dppz]2+ were found to have exceptional 

photoluminescent responses to amyloid fibrils (Chapters 3 and 4). The light-

switching effect displayed minimal photoluminescence in buffer with monomer, but 

50-100 fold changes in intensity when mixed with fibrils. Not only were the 

emission maxima enhanced, but the lifetimes of the materials increased in 

proportion to their interaction with fibrillar material. Ruthenium(II) complexes 

have low quantum yields with Aβ (<5%) but they have long-lived 

photoluminescence which enable them to evaluate amyloid fibril formation in 

autofluorescent mixtures.  
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Considerable work detailed the binding modes of the metal complex with 

amyloid fibrils (chapter 5). Given that the dppz ligand plays such an essential role in 

the interaction with amyloid, it is conceivable that numerous other metals could be 

substituted to generate a mosaic of properties for fibril detection. Furthermore, 

different ligands besides dppz could be more thoroughly investigated such as the 

non-light switching dpqp (pyrazino[2',3':5,6]pyrazino[2,3-f][1,10]- 

phenanthroline)268 and the more hydrophobic dppn (benzo[i]dipyrido[3,2-a:2’,3’-c]-

phenazine).129 

Chapter 7 detailed the interaction of enantiomers with amyloid fibrils with 

results that differ significantly from previous work with DNA. The chirality of the 

metal complex and the grooves inherent in the DNA structure promote the tight 

interaction of one enantiomer over another. Give the minimal difference between Λ 

and Δ enantiomers with Aβ, it is worth considering if the bulkier ligands could alter 

the interaction with fibrils to a greater extent. Furthermore, increasing the 

hydrophobicity could allow for better cell membrane penetration, improving the 

ability of ruthenium(II) complexes to study amyloid aggregation in cell culture (as 

discussed in chapter 4). The separation of enantiomers of apparently pure metal 

complex revealed the need for careful characterization of the material before 

conducting assays. Trace amounts of impurities had significant photoluminescent 

character, which if present in the initial steps of a real-time assay would 

significantly diminish the change in intensity over time. 
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