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With the recent clinical success of anti-amyloid-β (Aβ) monoclonal antibodies, there is a renewed interest

in agents which target the Aβ peptide of Alzheimer’s disease (AD). Metal complexes are particularly well-

suited for this development, given their structural versatility and ability to form stabile interactions with

soluble Aβ. In this report, a small series of ruthenium–arene complexes were evaluated for their respective

ability to modulate both the aggregation and cytotoxicity of Aβ. First, the stability of the complexes was

evaluated in a variety of aqueous media where the complexes demonstrated exceptional stability. Next,

the ability to coordinate and modulate the Aβ peptide was evaluated using several spectroscopic

methods, including thioflavin T (ThT) fluorescence, dynamic light scattering (DLS), and transmission elec-

tron microscopy (TEM). Overall, the complex RuBO consistently gave the greatest inhibitory action

towards Aβ aggregation, which correlated with its ability to coordinate to Aβ in solution. Furthermore,

RuBO also had the lowest affinity for serum albumin, which is a key consideration for a neurotherapeutic,

as this protein does not cross the blood brain barrier. Lastly, RuBO also displayed promising neuroprotec-

tive properties, as it had the greatest inhibition of Aβ-inducted cytotoxicity.

Introduction

First described by Dr Alois Alzheimer over 100 years ago,1 the
disease that now bears his name has unfortunately become a
significant burden to the health care system. Currently, an esti-
mated 6.9 million Americans over the age of 65 are living with
Alzheimer’s disease (AD), while the costs associated with treat-
ments are estimated at $360 billion.2 Two of the cardinal
pathological hallmarks of AD are extracellular senile plaques
and interfibrillar tangles. The latter of which are due to hyper-
phosphorylation of the protein tau, while the former are com-
prised primarily of the small peptide amyloid-beta (Aβ).3 Aβ is
a 40–42 amino acid long peptide that is synthesized following
the enzymatic cleavage of the transmembrane amyloid-precur-
sor protein. Depending on the location of the secretase
enzyme excision, either Aβ40–42 or the p3 peptide is made.4

The observation of high concentrations of Aβ within the
senile plaques of AD patent brains led to the proposed

“amyloid cascade hypothesis” in 1992,5 and significant inter-
est in the development of therapeutic approaches to target this
species.6 Such efforts have been rewarded by the recent FDA
approval of two monoclonal antibodies which target the
soluble form of Aβ, resulting in diminished plaque formation
and forestalling of the progression of the disease.7 While such
therapeutics are laudable, the elevated costs associated with
such treatments necessitates the development of cheaper, yet
equally effective, alternatives.

Within Aβ plaques of AD brains there are elevated concen-
tration of metal ions relative to the nearby surrounding
tissues, which suggests there is a link between dysregulation of
metal ion homeostasis and AD progression.8 Metal-based com-
plexes can exploit this affinity of Aβ for free metal ions by
forming stable interactions with the peptide, such that its
aggregation in minimized.9 The first metal-based complexes to
specifically target the Aβ peptide were cationic 99mTc com-
pounds such as (1) in Fig. 1, which contained bipyridyl-linked
aromatic azo dye ligands. These complexes were used to detect
Aβ40 and had similar affinity relative to established organic
dyes.10 This spurred the development of subsequent metal-
lotherapeutics which could target, and prevent and aggrega-
tion of the Aβ peptide. Beginning with the platinum(II)
complex (2) which was observed to substantially limit the
aggregation and cytotoxicity of Aβ42.11 This was achieved via
coordinate interactions with the histidine residues of the
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peptide, while the 1,10-phenanthroline ligand afforded
additional hydrophobic interactions.12 This led to the develop-
ment of the orally-available Pt(IV) complex (3) which was able
to decrease the occurrence of Aβ plaques within brain of APP/
PS1 mice.13

To date, complexes of 27 different metals have been evalu-
ated, with varying success, for their ability to target the Aβ
peptide.14 Of these, ruthenium complexes have shown sub-
stantial promise, particularly with regards to detailed struc-
ture–activity relationships (SAR), where in comparing the
activity of (4) and (5), symmetry around the Ru metal center
did not significantly impact the activity of the complexes,
rather, the inclusion of a primary amine on the heterocyclic
ligand in resulted in the greatest anti-Aβ activity.15–17 This is
likely due to hydrogen bonding interactions with the Aβ
peptide, which provide a multi-modal coordination mode,

similar to that observed for (2). Additionally, varying the
heteroatom within the azole ring was also found to impact the
performance of the complexes, where the oxazole containing
complexes had greater anti-Aβ activity relative to their imid-
azole and thiazole analogs.

To further these SAR studies, five Ru(II)–arene complexes
were prepared and evaluated for their ability to modulate the
aggregation and cytotoxicity of Aβ (Fig. 2). The inclusion of the
2-aminoazole ligand leverages the established SAR for Ru com-
plexes, while offering a new avenue for development. Despite
being well-established in the field of cancer therapeutics,18–20

Ru–arene complexes have seen limited investigation in AD
therapy,21–23 with the current study providing vertical growth
in the quest for novel anti-Aβ AD therapeutics.

Experimental
Materials and methods

All reagents and materials were used as received from the man-
ufacturer, unless otherwise noted. The chemicals used in the
synthesis and biological assays were purchased from Ambeed
(1H-benzo[d]imidazol-2-amine, benzo[d]oxazol-2-amine, benzo
[d]thiazol-2-amine), Oakwood Chemical (1,1,1,3,3,3,-hexa-
fluoro-2-propanol (HFIP), 2-aminothiazole, oxazol-2-ylamine),
Sigma-Aldrich (ruthenium(III) chloride hydrate), TCI America
(dansyl glycine), and Thermo Fisher (alpha-terpinene, chloro-
form, deuterium oxide, dimethyl sulfoxide, methanol, methyl
sulfoxide-D6, hexanes). Human serum albumin (HSA) was
obtained as a lyophilized powder from Sigma Aldrich. Aβ16 was
purchased from 21st Century Biochemicals, Aβ40 was pur-
chased from APExBio, and Aβ42 was purchased from
GenScript. Both Aβ40 and Aβ42 were monomerized following
established procedures prior to use.24

Elemental analysis (EA) data were collected at the Center for
Enabling New Technologies Through Catalysis at the
University of Rochester using a PerkinElmer 2400 Series II
Analyzer.

Fig. 1 Metal-based complexes evaluated for their ability to target and/
or modulate the aggregation and cytotoxicity of the Aβ peptide.

Fig. 2 The Ru–arene complexes prepared and evaluated herein for
their anti-Aβ ability.
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The 1H and 13C NMR in CDCl3 or DMSO-D6 were collected
using either a Bruker Avance NEO 400 MHz NMR spectrometer
or a Varian 400-MR 400 MHz NMR spectrometer. All D2O/
DMSO-D6

1H NMR data were collected using the Varian
spectrometer.

Diffraction data of single crystals were obtained using a
Rigaku XtaLAB Synergy-S Dualflex diffractometer equipped
with a HyPix-6000HE HPC area detector for data collection at
100 K. The full data collection was carried out using a
PhotonJet (Cu) X-ray source. The structure was solved using
SHELXT25 and refined using SHELXL.26 Most or all non-hydro-
gen atoms were assigned from the solution. Full-matrix least
squares/difference Fourier cycles were performed which
located any remaining non-hydrogen atoms. All non-hydrogen
atoms were refined with anisotropic displacement parameters.
The N–H hydrogen atoms were found from the difference
Fourier map and refined freely. All other hydrogen atoms were
placed in ideal positions and refined as riding atoms with rela-
tive isotropic displacement parameters. See ESI Tables S3–S5†
for final refinement parameters.

Synthetic procedures

The Ru(II)–arene dimer ([Ru(η6-p-cymene)Cl2]2) was prepared
following a previous procedure.27

General synthesis of Ru–arene-azole complexes

The prepared Ru(II)–arene dimer (0.15 mmol) and azole ligand
(0.30 mmol) were combined in methanol (6 mL) and heated to
reflux for 2 hours. The resulting mixture was then stored at
−20 °C overnight and solid precipitates were isolated the fol-
lowing day using vacuum filtration, then dried under high
vacuum for several hours. Additional purification for each
complex is noted, when applicable.

RuO (Ru(η6-p-cymene)(2-aminooxazole)Cl2). Red crystalline
solid (0.0432 g, 32.3% yield). 1H NMR (400 MHz, DMSO-D6,
ppm): 7.34 (1H, s), 6.68 (1H, s), 6.51 (2H, bs), 5.82 (2H, d), 5.78
(2H, d), 2.84 (1H, sept), 2.09 (3H, s), 1.19 (6H, d). 13C NMR
(100 MHz, DMSO-D6): 18.29, 21.92, 30.39, 85.93, 86.78, 100.50,
106.78, 126.90, 126.92, 131.93, 161.92. EA results for
C13H18N2OCl2Ru theoretical: 40.00 C, 4.66 H, 7.18
N. Experimental: 40.00 C, 4.45 H, 7.07 N.

RuS (Ru(η6-p-cymene)(2-aminothiazole)Cl2). Red powder
(0.1764 g, 66.4% yield). 1H NMR (400 MHz, DMSO-D6, ppm):
6.92 (1H, d), 6.84 (2H, bs), 6.54 (1H, d), 5.82 (2H, d), 5.78 (2H,
d), 2.84 (1H, sept), 2.10 (3H, s), 1.20 (6H, d). 13C NMR
(100 MHz, DMSO-D6): 18.28, 21.92, 30.39, 85.93, 86.78, 100.50,
106.78, 106.91, 139.03, 169.21. EA results for C13H18N2SCl2Ru
theoretical: 38.42 C, 4.47 H, 6.90 N. Experimental: 38.27 C,
4.24 H, 6.74 N.

RuBN (Ru(η6-p-cymene)(2-aminobenzimidazole)Cl2).
Additional recrystallization used 1 : 2 chloroform : hexanes
yielding the product as a mustard yellow powder (0.1170 g,
40.8% yield). 1H NMR (400 MHz, CDCl3, ppm): 9.06 (1H, s),
7.47 (1H, d), 6.79 (1H, t), 6.49 (1H, t), 6.18 (1H, s), 6.03 (2H, s),
5.50 (2H, s), 5.21 (2H, s), 2.93 (1H, sept), 1.81 (3H, s), 1.22 (6H,
d). 13C NMR (100 MHz, DMSO-D6): 18.29, 21.92, 30.39, 30.62,

85.93, 86.78, 100.51, 106.79, 119.45, 155.50. EA results for
C17H21N3Cl2Ru theoretical: 46.47 C, 4.83 H, 9.57
N. Experimental: 46.30 C, 4.68 H, 9.35 N.

RuBO (Ru(η6-p-cymene)(2-aminobenzoxazole)Cl2).
Tangerine-colored powder (0.1011 g, 67.3% yield). 1H NMR
(400 MHz, DMSO-D6, ppm): 7.30 (2H, bs), 7.25 (1H, dd), 7.14
(1H, dd), 7.03 (1H, td), 6.90 (1H, td), 5.78 (2H, d), 5.73 (2H, d),
2.78 (1H, sept), 2.04 (3H, s), 1.14 (6H, d). 13C NMR (100 MHz,
DMSO-D6): 18.29, 21.92, 30.39, 85.93, 86.78, 100.50, 106.78,
108.81, 115.67, 120.34, 123.87, 144.02, 148.33, 163.12. EA
results for C17H20N2OCl2Ru theoretical: 46.36 C, 4.59 H, 6.36
N. Experimental: 46.28 C, 4.53 H, 6.09 N.

RuBS (Ru(η6-p-cymene)(2-aminobenzothiazole)Cl2).
Additional recrystallization used 1 : 1 chloroform : hexanes
yielding the product as a dark orange powder (0.0591 g, 19.8%
yield). 1H NMR (400 MHz, DMSO-D6, ppm): 7.59 (1H, dd), 7.42
(2H, s), 7.28 (1H, dd), 7.15 (1H, td), 6.95 (1H, td), 5.77 (2H, d),
5.73 (2H, d), 2.78 (1H, sept), 2.04 (3H, s), 1.14 (6H, d). 13C
NMR (100 MHz, DMSO-D6): 18.29, 21.92, 30.39, 85.93, 86.78,
100.50, 106.78, 118.09, 121.24, 121.30, 125.85, 129.32, 131.24,
166.84. EA results for C17H20N2SCl2Ru theoretical: 44.73 C,
4.43 H, 6.14 N. Experimental: 45.03 C, 4.46 H, 5.91 N.

LogD

Stock solutions of each Ru complex were prepared by dis-
solution in dimethyl sulfoxide (DMSO) then dilution to 50 µM
using phosphate buffered saline (PBS, pH 7.4) with a final
DMSO concentration of ≤1%. Each sample was prepared in
triplicate. The absorbance spectra for the aqueous samples
were measured, then an equal volume of 1-octanol was added
and the resulting biphasic samples were mixed for 2 hours at
room temperature using an IKA Trayster inversion mixer (60
rpm). Following this, the aqueous layers were extracted and
their absorbance spectra were measured. The resulting log D
values were calculated using the equation below:

D ¼ log
Abs@λmax beforemixing
Abs@λmax aftermixing

� �
� 1:

UV-Vis sample preparation and analysis

Each Ru complex was initially dissolved in DMSO then diluted
using PBS to achieve a final concentration of 100 µM, where
the DMSO content was 5% or less. UV-Vis spectra were
measured using a Cary 50 Spectrophotometer equipped with a
single cell Peltier system where the sample temperature was
maintained at either 25 °C or 37 °C. The absorbance of each
sample was measured from 220 nm–800 nm, with data collec-
tion occurring every minute for the first 30 minutes, followed
by every 10 minutes for up to 6 hours.

For the samples which contained Aβ16, stock solutions of
the peptide were prepared in pure DMSO, followed by the
addition of a stock solution of the Ru complex. Dilution using
PBS afforded an equimolar amount of Aβ16 and Ru (100 µM)
and a DMSO concentration that was ≤5%. Spectra were
measured at 37 °C using the same instrumentation and para-
meters as above.
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Imidazole binding

Samples of the Ru complexes were mixed with equimolar
amount of histidine and the resulting mixtures were measured
using 1H NMR and UV-Vis spectroscopy. For the 1H NMR
study, both the Ru complex and imidazole were dissolved in
CDCl3 and the spectrum was measured immediately following
dissolution. For the UV-Vis study, the Ru complex and imid-
azole were initially dissolved in DMSO then diluted using PBS
to achieve a final concentration of 100 µM of both molecules,
where the DMSO content was 5% or less. UV-Vis spectra were
then measured as described above, where the sample tempera-
ture was maintained at 37 °C.

Thioflavin T fluorescence assay

The aggregation assay was performed following previously
reported procedures,15,28 where thioflavin T (ThT) fluorescence
was measured with a Varioskan LUX plate reader using λex =
450 nm and λem = 485 nm. Statistical analysis was performed
using a one-way analysis of variance (ANOVA).

DLS sample preparation

The DLS samples were taken directly from the ThT assay where
a 60 μL aliquot from a sample well was filtered using a 0.2 μm
syringe filter. A 20 μL aliquot from this filtrate was sub-
sequently placed in a folded capillary cell (DTS1070).
Measurements were then made using a Malvern Zetasizer
Nano ZSP, where the cumulant data (percent intensity) is rep-
resented as an average measurement consisting of sub-runs
determined by the Zetasizer software Version 7.13.

TEM sample preparation

Samples for TEM imaging were obtained from the remaining
DLS filtrates, where a 10 μL aliquot was added to a 300-mesh
formvar-coated copper grid and allowed to stabilize for
2 minutes. The solvent was then wicked away, and the samples
were then stained using 10 μL of 2% uranyl acetate, which
coated the sample for 60 seconds before being wicked away.
Excess salts were washed away as 10 μL of H2O was added to
the grids, left for 30 seconds, then wicked away. The prepared
grids were stored at room temperature until analysis. All
imaging measurements were made at the High Resolution
Transmission Electron Microscopy (HRTEM) facility at the
University at Buffalo using a JEOL JEM 2010 High Resolution
Transmission Electron Microscope operating at 200 kV and
20 000× magnification.

HSA binding assay

Fluorescence competition experiments were performed follow-
ing previously reported procedures.29 A stock solution of HSA
(100 µM) was prepared using only PBS, while stock solutions
of dansyl glycine (DG, 50 µM) and each Ru complex (50 µM)
were prepared by initial dissolution in DMSO followed by
immediate dilution using PBS to give a DMSO concentration
of ≤1%. Individual samples were prepared by first mixing HSA
and DG, followed by the addition of the respective Ru

complex. The total volume of each sample was 3 mL where the
concentrations of HSA and DG remained constant (2.5 µM)
and the Ru concentration ranged from 0 µM to 25 µM. The
samples were then placed in a 28 °C water bath for 15 minutes
before the fluorescence spectra were measured. Fluorescence
measurements were recorded at room temperature using a PTI
QuantaMaster 50. The excitation wavelength was set to 335 nm
and the emission spectra were collected from 350 nm to
600 nm.

Cytotoxicity screening

Evaluation of the Ru complexes to prevent Aβ42-induced cyto-
toxicity towards axenic Rattus norvegicus C6 glioma cells (ATCC
CCL-107) followed previously reported procedures.16 The
respective Ru complexes (20 µM) and Aβ42 (20 µM) were added
to cultured cells and incubated for 24 hours at 37 °C in a 5%
CO2 environment. Cell viability was determined using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay performed in quadruplicate with the results reported as
the mean ± the standard deviation.

Results and discussion
Synthesis and characterization

The Ru–arene complexes were all prepared in a similar
manner from a Ru(II)–arene dimer. The resultant complexes
were isolated in reasonable yields, and initially characterized
using 1H and 13C NMR (ESI Fig. S1–S10†). For the novel com-
plexes, RuO, RuS, and RuBO, crystals suitable for X-ray diffrac-
tion were isolated and their structures were solved (Fig. 3). All
three complexes exhibit the anticipated “piano-stool” type geo-
metry which is typical for such Ru–arene complexes containing
an η6-aromatic ligand.20 The respective azole ligands are co-
ordinated to the Ru metal center via the imine nitrogen, while
two chloride ligands complete the octahedral coordination
sphere. Upon analysis, the Ru–N azole bond length was 2.125
(19) Å for RuO, 2.136(4) Å for RuS, and 2.134(15) Å for RuBO.
These values are in good agreement with those of RuBN (2.133
(8) Å) and RuBS (2.169(18) Å).30

Ligand exchange and partitioning

Metal-based therapeutics are often classified as prodrugs,
whereby the synthesized complex(es) are activated within cellu-
lar environments, such as via aqueous ligand exchange, which
then facilitates coordination to their biological target, eliciting
their biological activity.31 To determine the relative stability
and rate of such exchange, the prepared complexes were evalu-
ated using the two complementary spectroscopic methods of
NMR and UV-Vis. Beginning with the UV-Vis study, all of the
complexes were initially dissolved in DMSO prior to dilution
using PBS to achieve a final concentration of 100 µM with
≤5% DMSO. Spectra for the samples were then measured fol-
lowing extended incubation. Somewhat surprisingly, no sig-
nificant changes were observed when comparing the initial
spectrum to the final spectrum, measured after 6 hours
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(Fig. 4A and ESI Fig. S11–S15†). This suggests that our com-
plexes are reasonably stable in buffered aqueous media, mir-
roring results that have been observed for other Ru(II)–arene
complexes.32,33 Interestingly, this is in stark contrast to the Ru
(II)–arene anticancer complex RAPTA-C, where significant
changes were observed within 15 minutes of incubation under
physiological conditions.34 The lone difference between our
prepared Ru complexes and RAPTA-C are the 2-aminoazole
ligands which replace the PTA (1,3,5-triaza-7-phosphatricyclo-
[3.3.1.1]-decane) ligand, suggesting that the new ligands may
improve the stability of our complexes.

To probe the impact of the chloride ions on the ligand
exchange, the UV-Vis spectra of the Ru complexes were
measured in unbuffered water. Even in the absence of
buffering agents, the spectra were virtually identical following
prolonged mixing (ESI Fig. S16–S20†). To confirm their
aqueous stability, the Ru complexes were subjected to 1H NMR
analysis following dissolution in D2O with 10% DMSO-D6.
These samples were then subjected to similar incubation
times to the UV-Vis samples, allowing for a qualitative com-
parison of the relative rate and extent of ligand exchange. Even
in the absence of incubation, substantial changes in the 1H
NMR spectra were observed for all 5 complexes, as new peaks
emerged in close proximity to those of the parent complex,
such as those shown in Fig. 4B for RuBO in the aromatic
region of the spectrum. Interestingly, despite the rapid occur-
rence of the peaks, their intensities did not change upon
extended incubation, suggesting that the ligand exchange that
occurred was complete and rapid. This highlights the impor-
tance of multiple spectroscopic methods for analysis, as such
exchange was not visible within the absorbance spectra.
Similar phenomena has been observed for other Ru(II)–arene
complexes following dissolution in unbuffered aqueous
media, highlighting the impact of the chloride ions on fore-
stalling exchange.23,35

An important aspect in the mechanism of action of a poten-
tial therapeutic is its ability to partition between aqueous and
organic media, as this serves as a marker for potential
diffusion across cell membranes.36 Such partitioning is com-
monly referred to as log P, which uses pure water and
1-octanol, a long chain alcohol which mimics a fatty acid, to

determine the relative hydrophilic/hydrophobic partitioning.
However, given the aforementioned instability of the complexes
in pure water, the partitioning of the complexes was evaluated
using a mixture of PBS and 1-octanol. This yields a logD7.4

value, which provides a physiological representation of the parti-
tioning. Using the shake-flask method,37 equal volumes of
1-octanol and PBS were combined where the relative amount of
the complexes present within the aqueous layer was monitored
before and after mixing. Only RuO preferred the aqueous layer,
while all the remaining complexes partitioned to the organic
fraction. This correlates with the increased hydrophobicity of
the 2-aminobenzoazole ligands, whereby RuBS had the largest
logD7.4, followed by RuBN, and RuBO (Table 1). In order for a
potential neurotherapeutic to passively diffuse across the blood–
brain barrier (BBB), a logD in the range of 1–4 has been
observed to be optimal.38 While the prepared compounds fall
just outside of this range, they do adhere to other central
nervous system (CNS) drug metrics such as number of hydrogen
bond donors (≤3) and acceptors (≤7).39

To provide an important comparison to our experimentally
determined log D7.4 values, the relative lipophilicity of the
complexes was calculated using the open-source software
SWISS ADME.40 Since all of the complexes are neutral, this
facilitated the modeling of the complexes using the software,
and the simplified molecular-input line-entry system (SMILES)
for each molecule is included in the ESI (Table S1).†
Comparing the partitioning values yielded the same trend for
increasing lipophilicity with RuO being the lowest and RuBS
having the highest log P. However, the calculated values were
substantially higher than the experimentally determined ones,
necessitating such experiments for metal-based complexes.

Aβ binding

Metal complexes which target Aβ are thought to coordinate to
the histidine residues (His-6, His-13, and His-14) within the
peptide.41,42 Such coordination forestalls the natural self-
association of Aβ, thereby resulting in decreased aggregation
of the peptide.12 To determine the ability of the prepared com-
plexes to coordinate to Aβ, a truncated version of the peptide
was used (Aβ16). This variant contains the three histidine resi-
dues of interest, while having no propensity to aggregate in

Fig. 3 X-ray crystal structures of complexes RuO, RuS, and RuBO where any co-crystallizing solvent molecules have been omitted for the sake of
clarity. The ellipsoids of all non-hydrogen atoms are shown at the 50% probability level.
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solution.43 Samples containing equimolar amounts of Aβ16
and each Ru complex were analyzed using UV-Vis spec-
troscopy. Such analyses would provide a direct comparison to
the free complexes in solution, whereby any changes to the
spectra would be indicative of peptide binding. For several of
the complexes minor changes to the spectra were observed
within the first 30 minutes of incubation. A consistent
decrease in the signals around 270 nm occurred for RuO
(Fig. S26†), RuS (Fig. S27†), and RuBO (Fig. 4D and S29†),
while no such change was observed for RuBN (Fig. S28†) and
RuBS (Fig. S30†). With extended incubation for up to 6 hours
only RuO exhibited a continued decrease in the same peak,
while all the other Ru complexes remained virtually
unchanged. Although only minor changes were observed in
the spectra for 3 complexes, these are substantially different
from all previously described spectra in aqueous media alone
where no changes were observed. Given this disparity, such
changes are attributed to a coordinate interaction between the
Aβ peptide and the Ru complexes, specifically RuO, RuS, and
RuBO. However, similar to the previous discussion on ligand
exchange, the absence of change in the spectra does not pre-
clude the occurrence of peptide binding for RuBN or RuBS,
such associations are unfortunately not observed using this
method.

To evaluate the potential coordination of the complexes to
Aβ via histidine, an additional study was performed where
each complex was mixed with an equimolar amount of imid-
azole. For these studies, samples were measured using the
complementary methods of 1H NMR and UV-Vis. Beginning
with 1H NMR, samples were initially prepared similar to those
of the stability assay, using 10% D6-DMSO in D2O.
Unfortunately, this resulted in similar spectra to the original
stability samples, where numerous signals emerged in the aro-
matic region of the spectra, therefore the aqueous media was
replaced with organic solvents. Following immediate dis-
solution and mixing the resulting 1H NMR spectrum for each
complex in the presence of imidazole was substantially
changed (Fig. S31–35†). In each case, signals from the free
imidazole were noticeably absent, while new signals emerged,
suggesting that coordination of the imidazole to the Ru metal
center occurred. This was further supported by the UV-Vis
spectra of the complexes following extended incubation with
imidazole (Fig. S36–40†). Indeed, changes in the spectra were
observed for only RuO, RuS, and RuBO, where a similar
phenomenon to the spectra following mixing with Aβ16

Fig. 4 Aqueous stability and Aβ16 binding data for RuBO. (A) UV-Vis
spectra of 100 µM RuBO in PBS with incubation at 37 °C for 30 minutes,
(B) 1H NMR of RuBO in DMSO-D6, (C)

1H NMR RuBO in D2O and 10%
DMSO-D6 with no incubation (inset: the aromatic region of the spectra),
(D) UV-Vis spectra of 100 µM RuBO in PBS with 100 µM Aβ16 with incu-
bation at 37 °C for 30 minutes.

Table 1 The experimentally determined logD7.4 values for each Ru
complex juxtaposed with the calculated log P values, along with the
conditional binding constants to serum albumin

Complex LogD7.4 Calculated log P Log K′

RuO −0.601 ± 0.180 2.09 4.21
RuS 0.022 ± 0.139 2.65 4.48
RuBN 0.408 ± 0.037 3.11 4.33
RuBO 0.380 ± 0.093 3.07 3.89
RuBS 0.873 ± 0.140 3.63 3.96
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occurred, with a discernable decrease in signals observed
around 300 nm. By contrast, the spectra for RuBN and RuBS
remained constant, which again mirrors the observations from
those complexes with Aβ16. Taken together, these results
support the likelihood of coordination of Aβ16 to the Ru metal
center via histidine imidazole.

ThT fluorescence

A common method of evaluating the anti-amyloid ability of
potential AD therapeutics is determining their impact on the
aggregation of the full-length Aβ peptide. This can be moni-
tored using a variety of methods, arguably the most common
of which is fluorescence using a spectrochemical probe, such
as thioflavin T (ThT).44 In the presence of Aβ aggregate species,
ThT emits a characteristic fluorescence peak around 485 nm,
which is caused by a loss of the free rotation about the ben-
zothiazole.45 This has been shown to be a quantifiable metric
for the extent of Aβ aggregation,46 allowing for the facile com-
parison between potential AD therapeutics and their respective
anti-Aβ ability.

For the evaluation of the complexes, the concentration of
each Ru complex was consistent (10 µM) and equimolar to the
Aβ40 peptide. The complexes were all incubated with the
peptide for 24 hours, after which the fluorescence measure-
ments were taken. The Aβ40 peptide in the absence of any Ru
complexes was used as the positive control and scaled to be
the maximum extent of aggregation. Overall, it was found that
all complexes caused a statistically significant decrease in the
observed aggregation of the peptide (Fig. 5). The least active
complex was RuBS (30 ± 13%), followed by RuBN (20 ± 16%).

The greatest inhibitory activity was observed for RuBO (8.9 ±
7.1%), followed closely by RuO (10 ± 2.2%), and RuS (10 ±
6.0%). Both RuO and RuS show a substantial improvement
over previous Ru(III) which used the same amino-azole
ligand,15,16 while the activity of RuBO is among the greatest
measured for a Ru(II)–arene complex to date. These initial
results suggest that association with the Aβ peptide, as dis-
cussed previously by UV-Vis, likely impacted the resultant per-
formance of the complexes. This is corroborated by the obser-
vation that RuBN and RuBS, for which no changes in the Aβ16
UV-Vis spectra were observed, had substantially less activity in
comparison to their counterparts. Furthermore, the two com-
plexes that gave the greatest inhibitory activity, RuBO and RuO,
have an oxazole ring, a feature that has been suggested to
impart hydrogen-bonding with the peptide,16 thereby having a
greater impact on modulation its aggregation.

DLS

Aggregation of the Aβ peptide commonly results in deposits of
variable size,47 which are ideal for analysis using DLS, as this
technique is sensitive to large particle sizes in solution, provid-
ing size distribution profiles of the species detected.48 We have
successfully used this technique in the previous evaluation of
Ru complexes that modulate the aggregation of Aβ.15,16,28,49

For the current study, the samples used for DLS were taken
directly from the ThT assay, and filtered prior to analysis. In
the absence of any Ru complex, the Aβ peptide gave a broad
signal with an average particle size of 233.4 nm. Following
incubation with the respective Ru complexes, a discernable
shift to smaller particle sizes was observed with a concomitant

Fig. 5 Aβ aggregation assay results, following the incubation of equimolar solutions (10 µM) of Aβ40 with the Ru complexes for 24 h at 37 °C. (A)
ThT fluorescence results, where the signals were normalized to the positive control of the free peptide in solution. *P < 0.05 and **P < 0.001 for the
treatments relative to Aβ40 alone following statistical analysis by a one-way ANOVA. (B) DLS spectra obtained from filtrates of the ThT samples. (C)
TEM images taken at 20 kX magnification of the DLS filtrates: (I) Aβ40 alone, (II) Aβ40 + RuO, (III) Aβ40 + RuS, (IV) Aβ40 + RuBN, (V) Aβ40 + RuBO, (VI)
Aβ40 + RuBS.
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broadening of the signal, providing greater intensity at smaller
particle sizes, relative to the peptide alone. The largest particle
sizes were observed following incubation with RuO (204.0 nm),
followed by RuBS (168.0 nm), RuBN (156.3 nm), RuS
(135.0 nm), and RuBO (131.9 nm) as shown in Fig. 5B.

When compared to the ThT results, the only consistency
was the performance of RuBO, which gave the smallest particle
sizes. The low maximum intensity and broad distribution of
the DLS signal for RuBO indicates that a substantial pro-
portion of the species observed had small hydrodynamic radii.
By contrast, the DLS signal for RuO, which had the second
lowest percent aggregation from the ThT assay, was remarkably
similar to that of Aβ, albeit slightly shifted to smaller sizes.
The remaining three complexes had intermediate particle
sizes, with RuBS having a bimodal signal, where a minor peak
(∼1.5% of the total signal) was observed at 30.4 nm. For most
spectroscopic methods this would likely be within the noise;
however, since DLS is a technique that is sensitive to larger
particles,50 the appearance of a peak signifies that such par-
ticles were indeed observed. This phenomenon has been
observed previously,17 and provides additional support for the
modulation of Aβ aggregation by the complexes.

TEM imaging

The final method used in the evaluation of the Ru complexes
to modulate the aggregation of Aβ40 was visualizing the aggre-
gate species using TEM. The samples used to prepare the TEM
grids are identical to those from the ThT and DLS experi-
ments, thereby providing a complete picture on the impact of
the respective Ru complexes on Aβ40 aggregation. In the
absence of any Ru complex, densely packed amorphous aggre-
gates were observed for Aβ40 (Fig. 5C and S41†). These aggre-
gates were greatly diminished following treatment with the Ru
complexes, where diffuse and less dense particles were
observed. This allowed for a qualitative assessment for the
relative extent of aggregation, where it became evident that
RuBO consistently had the smallest and most disperse aggre-
gate species. Similar to the DLS results, the densest particu-
lates were observed for RuO, while the remaining three com-
plexes had similar, yet subtly different features, which allowed
them to be ranked with respect to increasing aggregate
density/size as follows: RuBN < RuS < RuBS.

Protein binding

Human serum albumin (HSA) is most abundant protein in
blood, and a frequent transporter of various hydrophobic
molecules and pharmaceuticals.51 Within the protein are two
well-established binding sites of small molecules, known as
Sudlow Site I,52 which preferentially binds bulky heterocyclic
molecules,53 and Sudlow Site II,54 which binds aromatic mole-
cules.53 Previous ruthenium-based therapeutics have an estab-
lished affinity for HSA, readily forming non-coordinate inter-
actions upon mixing.55,56 Since this protein does not cross the
blood–brain barrier (BBB),57 binding should be minimized for
a potential neurotherapeutic. To assess the association of the
prepared Ru complexes with HSA, a competition assay was

conducted. For these experiments, HSA was initially treated
with dansyl glycine (DG) which selectively binds to Sudlow Site
II, yielding a strong fluorescence signal.58 This mixture was
then exposed to gradually increasing amounts of each Ru
complex, where any change to DG fluorescence is indicative of
its displacement in the binding site via the Ru complex. These
decreases in fluorescence can be used to construct a Stern–
Volmer plot, where conditional binding constants (K′) can be
obtained.

With increasing amounts of the Ru complexes a concomi-
tant decrease in the DG fluorescence was observed
(Fig. S42–46†). These decreases in fluorescence were used to
construct a Stern–Volmer plot (Fig. 6) using the equation
below; where F0 is the initial intensity of fluorescence when
the competitor (Ru complex, cRu) concentration is zero, F is the
fluorescence intensity when cRu > 0 µM, and the slope of each
linear fit affords K′ for each Ru complex.29

F0
F

¼ 1þ K ′cRu

Overall, moderate binding constants were determined for
each Ru complex, and are summarized in Table 1, where RuBO
had the lowest binding affinity and RuS had the greatest
affinity. These results are somewhat surprising, as they clash
with the lipophilicity of the complexes, which has been shown
for previous Ru complexes to correlate with HSA binding.59

However, the K′ values obtained are similar to previously
reported Ru–arene complexes.60 Furthermore, the bonding
constants obtained for the Ru complexes (3.89–4.48) are well
below that of KP1339 (5.32),29 a well-established Ru(III) anti-
cancer complex that is currently undergoing clinical evaluation
(under a new name: BOLD-100).61

Modulating Aβ-induced cytotoxicity

While the aggregates of Aβ are one of the established hall-
marks of AD, soluble oligomers have been recognized as the
active toxic species, representing an important therapeutic
target.62 Therefore, the ability of the prepared Ru complexes to
behave as neuroprotective agents was evaluated using an MTT

Fig. 6 Stern–Volmer plot of fluorescence competition experiments for
complexes RuO ( ), RuS ( ), RuBN ( ), RuBO ( ), and RuBS ( ).
Binding to HSA was evaluated at Sudlow Site II using DG.
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cell viability assay where both the peptide and each Ru
complex were co-incubated with Rattus norvegicus C6 glioma
cells. Following incubation with the peptide alone, a moderate
decrease in cell viability was observed (Table 2). For the cells
that received treatment with the Ru complexes the average cell
viability increased. Although not statistically significant, the
trend of increasing cell viability following administration of
the complexes is encouraging, as they demonstrate the ability
to disrupt the cytotoxic oligomerization of the peptide. A
similar trend was observed for previous Ru complexes, where
comparable viabilities were seen.16,17,49

Conclusion

The impetus behind the current study was the development of
Ru(II)–arene complexes with a propensity to modulate the
aggregation of soluble Aβ, while also establishing metrics for
future development by codifying serum protein affinity. By
leveraging previously established SAR where the 2-aminoazoles
displayed prominent anti-Aβ activity, five Ru(II)–arene analogs
were prepared and studied. The complexes displayed remark-
able stability in buffered aqueous media, while also demon-
strating the ability to associate with Aβ. Furthermore, by
having neutral complexes, the lipophilicity was improved from
their Ru(III) predecessors and encroached upon favorable terri-
tory for a CNS targeting agent.

To evaluate the ability of the complexes to modulate the
aggregation of Aβ40, three sequential methods were used: ThT
fluorescence, DLS, and TEM imaging. In all cases, following
treatment with the individual complexes, disruption of Aβ40
aggregation was observed. Furthermore, all five complexes
were able to rescue glial cells from Aβ42-induced cytotoxicity.

Lastly, with HSA recognized as a predominant target for Ru(III)
therapeutics in vivo,63,64 the affinity of the prepared complexes
for the serum protein was determined. In all cases, the
measured binding constants were less than their Ru(III) prede-
cessors,29 which is encouraging since HSA does not cross the
BBB,57 therefore a strong affinity for the protein would likely
curb CNS access.

In terms of performance, the ability of the respective Ru
complexes to modulate the aggregation of Aβ40, impact the
cytotoxicity of Aβ42, and coordinate to HSA was tabulated,
where for each method of evaluation the complexes were
ranked from best to worst (Table 3). This greatly facilitated a
ranking of the complexes to determine which complex had the
greatest performance overall. RuBO separated itself from the
pack as the lead candidate, as it consistently outperformed all
of the other complexes in every phase of evaluation. Taken
together, this demonstrates that 2-aminooxazole ligand was
critical to the performance of the RuBO. Surprisingly, when
comparing the average scores for the remaining four com-
plexes, very similar results were obtained.

Regarding the pharmacological properties of the com-
plexes, RuBO persists as a promising lead candidate. While its
measured log D7.4 is just outside of the desired range for
common CNS targeting agents,38 the low affinity for HSA is
encouraging. Particularly when compared to the Ru(III) anti-
cancer complex KP1339, which despite its affinity for HSA was
observed to cross the BBB in BALD mice.65 Overall, the per-
formance of all five complexes suggests that the Ru–arene
scaffold with a 2-aminoheterocyclic ligand is a promising
avenue for AD therapeutic development, with RuBO leading
the way.
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Table 3 Rankings for the complexes on their respective ability to
modulate the aggregation of Aβ40, bind to HSA, and diminish the cyto-
toxicity of Aβ42, on a scale of 1–5 (1 = best, 5 = worst)

Complex ThT DLS TEM HSA Cytotoxicity Average

RuO 2 5 5 4 4 4
RuS 3 2 3 2 5 3
RuBN 4 3 2 5 3 3.4
RuBO 1 1 1 1 1 1
RuBS 5 4 4 3 2 3.6

Table 2 Glial cell viability following the addition of equimolar amounts
of each respective Ru complex and Aβ42 (20 µM) for 24 h as determined
by an MTT assay

Treatment Percent viability

Aβ42 76 ± 13
Aβ42 + RuO 83 ± 6.5
Aβ42 + RuS 80 ± 10
Aβ42 + RuBN 84 ± 11
Aβ42 + RuBO 86 ± 17
Aβ42 + RuBS 84 ± 10
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