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Enhancers of amyloid aggregation: novel
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amyloid models†
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Amyloid aggregation is at the molecular basis of neurodegeneration and provides toxic species which

trigger the progression of the disease. Hence, there is an urgent need to identify novel molecules able to

suppress toxicity either through an inhibitory or enhancing effect on aggregation. Herein, the effects of

two metal complexes bearing a ferrocene unit and one or two propen-thyminyl groups, namely mono-

T_Fc and di-T_Fc, on the aggregation properties of two different amyloid models were investigated. In

detail, the peptide spanning residues 264–277 of the protein nucleophosmin 1 and that covering the

C-terminal tail of the Aβ peptide (Aβ21–40) were chosen as amyloidogenic systems with different primary

sequences and mechanisms of self-aggregation. UV–vis absorption spectroscopy, thioflavin T fluorescence

assay and autofluorescence techniques were employed to evaluate the stability of mono-T_Fc and di-T_Fc

and the effects of their presence on the aggregation of the investigated amyloidogenic peptides. The com-

pounds selectively enhance the self-recognition of Aβ21–40 with a more marked effect exhibited by di-T_Fc,

which contains two thymines. Scanning electron microscopy, dynamic light scattering and preliminary cell via-

bility assays performed in SHSY5 cells confirm this result, which is due to the formation of metal-compound/

peptide adducts as assessed by electrospray ionization mass spectrometry.

Introduction

Amyloidogenesis is the major process underlying neuronal
damage and memory impairment in Alzheimer’s disease (AD)
and other neurodegenerative disorders (NDDs).1,2 It involves the
production and accumulation of amyloid plaques due to the self-
aggregation of amyloid-β (Aβ) peptides to form soluble oligomers,
protofibrils and insoluble fibrils.3 Aggregation is a molecular
phenomenon regulated by many experimental factors such as pH
values4 and concentration levels of metal ions.5,6 Aggregation
occurs through the self-recognition of peptides or protein mono-
mers in misfolded/unfolded states.7 The modulation of the Aβ
aggregation process is therefore considered an effective therapy
for preventing neuronal damage and cognitive decline.

However, the translation of potential drugs from in vitro
studies into effective treatments in vivo has proven challen-
ging.8 This difficulty often stems from a lack of comprehensive
understanding of the multiple mechanisms involved in Aβ
aggregation and the complexity of the in vivo environment.9

The therapeutic regulation of amyloid aggregation may
concern: (i) the inhibition of aggregation limiting the for-
mation of toxic species10 or (ii) acceleration of aggregation to
induce the formation of large oligomers which are less toxic
species.11 Indeed, there is an inverse correlation between the
size and the toxicity of amyloid oligomers: smaller oligomers
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tend to exhibit greater toxicity compared to larger oligomers or
fibrils.12 Hundreds of studies have been carried out to design
and identify external agents such as organic compounds of
synthetic13 and natural origins (e.g. anthracyclines,14 tetra-
cyclines,15 sterols,16 polyphenols,17 epigallocatechin gallate,
resveratrol and curcumin18), peptides,19 antibodies20 and
metallodrugs21–28 mainly as inhibitors or, more in general,
modulators29 of toxic aggregation cascades by preventing or
dissolving the pre-formed aggregates that determine structural
changes during self-recognition. The failure of many inhibi-
tors in clinical trials for NDDs highlights the need to better
understand the complex interactions that occur during plaque
formation, including binding to carbohydrates, lipids, nucleic
acids, and metal ions.30 Unravelling how modulators interact
with Aβ peptides, for example, and how they change their
aggregation process may provide opportunities for the develop-
ment of new therapies,31 since the modulation of fibrillar
growth may regulate the final size and shape of non-covalent
assemblies, thereby altering the cellular properties of aggre-
gates.32 Recently, the enhancement of amyloid aggregation has
become a promising strategy to modulate the Aβ aggregation
process;33–35 accelerating agents are often endowed with multi-
functional groups able to target multiple regions of Aβ pep-
tides and able to speed up aggregation, as demonstrated by
polyethyleneimine–perphenazine conjugates.36 Several natural
compounds have shown enhancing effects on Aβ peptide
aggregation, as glycosaminoglycans, which are able to reduce
the cellular toxicity of Aβ25–35 37 and Aβ1–42 38 through the accel-
eration of fibril formation, as well as polyphosphate, which
can act as a universal accelerator of amyloid aggregation of
curli fibers, α-synuclein, Aβ1–40/42 and Tau subunits.39 Other
accelerators stabilize the formation of aggregates: trodusque-
mine is able to stabilize Aβ1–42 aggregates,40 orcein derivatives
stabilize human islet amyloid polypeptide (hIAPP)
aggregates,41,42 and small aromatic compounds, resulting
from the screening of a library of PPI inhibitors, selectively
stabilize hIAPP aggregates but not those of Aβ1–42.43

Among the potential neurodrugs, metallodrugs have received
particular attention44 especially recently45,46 due to their unique
properties, which depend on the metal and the nature of metal
ligands.47 An important strategy in inorganic medicinal chemistry
is the incorporation of bioactive molecules as ligands, including
clinically approved drugs, in a repurposing approach to overcome
drug resistance and to design promising alternatives to currently
available metal-based drugs.48,49

Recently, a remarkable renaissance of interest in the com-
plexes of transition metal ions with pyrimidine nucleobases has
occurred.50,51 Herein, we investigated the ability to act as modu-
lators of aggregation of two metal complexes which belong to a
burgeoning class of organometallic/nucleic acid conjugates.52

In detail, ferrocenyl–nucleobase conjugates can combine
the hydrophobicity of the ferrocenyl moiety with hydrogen-
bonding capabilities of the nucleobase moiety53,54 and, as far as
we know, this is the first report on this class of compounds as
amyloid aggregation modulators. These complexes, named
mono-T_Fc and di-T_Fc (Fig. 1), contain a ferrocene unit and one

or two propen-thyminyl groups, respectively, as substituents on
the cyclopentadienyl rings.55 Indeed, biologically active ferrocenyl
compounds are derived from the conjugation of ferrocene with
biologically relevant molecules.56 The synthesis of mono-T_Fc
and di-T_Fc compounds was already reported.55,57

An interesting approach for the screening of Aβ aggregation
modulators is to use protein/peptide amyloids that, although
not strictly involved in neurodegeneration, are considered
structural models of amyloids.58–60 Nucleophosmin 1 (NPM1)
is not a neurodegenerative protein but it contains, in the
second helix of its C-terminal domain (CTD), a well-character-
ized fragment, spanning residues 264–277 (NPM1264–277),

61

which has been already used as an amyloid model23,62

Conversely, we also employed as amyloid model the fragment
spanning residues 21–40 of the Aβ polypeptide, Aβ21–40, which
covers the C-terminal region of Aβ1–42 and is directly involved
in its aggregation process.26

In this study, the effects of metal compounds mono-T_Fc and
di-T_Fc on the aggregation propensity of Aβ21–40 and NPM1264–277
peptides were investigated. Thioflavin T (ThT) fluorescence assay,
time-dependent autofluorescence, dynamic light scattering (DLS)
and scanning electron microscopy (SEM) were employed. The
direct interactions between Aβ21–40 and NPM1264–277 and the
metal compounds were assessed by electrospray ionization mass
spectrometry (ESI-MS) studies. Their cellular effects on the tox-
icity of amyloids were tested in SHSY5 cells.

Results and discussion
Effects of metal complexes on the kinetics of aggregation of
Aβ21–40 and NPM1264–277 ThT assays

Prior to evaluating their specific effects on amyloid aggrega-
tion, the stability of the metal complexes in aqueous buffer
was evaluated by monitoring their UV-vis absorption spectral
profiles at different times and concentrations (Fig. S1,† upper
panel). Both complexes, at 25 µM, are stable over 4 hours,

Fig. 1 Chemical structures of the ferrocene-based compounds mono-
T_Fc and di-T_Fc with the ferrocenyl group in red and thymine in blue
and sequences and theoretical isoelectric points (pIs) of the amyloid
peptide models investigated in this study.
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showing overlapping absorption spectra (Fig. S1A and B†). At
75 µM, a slight reduction in the absorbance is observed,
especially in the case of di-T_Fc, which seems less stable than
mono-T_Fc (Fig. S1D†). To assess whether this difference was
due to different water solubilities of the compounds, the con-
centration dependence of absorbance was evaluated.
Interestingly, the metal complexes show different behaviors:
the concentration dependence of absorbance is linear for
mono-T_Fc in the 25–100 µM range (Fig. S1E†), while it is
limited to the 12.5–50 µM concentration range in the case of
di-T_Fc (Fig. S1F†). To gain insights into this behavior, fluo-
rescence spectra were recorded for both compounds and the
overlays of emission spectra normalized with respect to the
concentrations of the compounds are presented in Fig. S2.†
The emission spectra are superimposable only at two initial
concentrations (10 and 25 µM), while at higher concentrations,
above all 75 µM, a quenching effect, likely due to stacking
interactions, is observable.

Once the concentrations of the compounds that can be
used for the subsequent analyses are established, the effects of
the presence of mono-T_Fc and di-T_Fc on the aggregation
kinetics of Aβ21–40 and NPM1264–277 were evaluated using the
ThT fluorescence assay (Fig. 2).

Time course profiles indicate different effects of the metal
compounds on amyloidogenic peptide aggregation and to
properly compare them, t12 and fluorescence maxima values are
also reported in Table S1.† The presence of both complexes
has a clear enhancing effect on the aggregation of Aβ21–40,
which is more marked for di-T_Fc than for mono-T_Fc (Fig. 2A
and C). The initial values of ThT signals, in the absence and
presence of complexes, were almost superimposable (Fig. 2A)
and in agreement with those already reported.23,62

Interestingly, the effect of the presence of di-T_Fc (Fig. 2C) on
the aggregation of Aβ21–40, depends on the peptide : complex
molar ratio (Table S1†). At a peptide : complex molar ratio of
1 : 0.5, a greater increase in the ThT signal is detected com-
pared to the 1 : 1 and 1 : 1.5 ratios with maxima at 3768.7,
2342.5 and 1278.6 a.u., respectively. This could be due to the
presence of two propen-thyminyl units in the structure of di-
T_Fc, which could anchor Aβ21–40 in different points, favouring
its self-assembly. Conversely, at higher concentrations of di-
T_Fc, 50 and 75 µM, for 1 : 1 and 1 : 1.5 ratios, respectively,
stacking interactions among the complex molecules prevail,
providing a lower active concentration. Indeed, from Fig. 2C, it
is evident that in the presence of amyloid Aβ21–40, stacking pre-
vails at lower concentrations with respect to those determined
in the absence of peptides (see Fig. S1F†), suggesting that the
hydrophobic character of the peptide could prompt stacking
phenomena in the case of di-T_Fc. At a ratio of 1 : 0.2, there is
no appreciable effect because of the very low amount of di-
T_Fc when compared to Aβ21–40. Notably, the presence of di-
T_Fc and mono-T_Fc during NPM1264–277 aggregation causes
only a slight reduction of the ThT signal, suggesting a poor
inhibitory effect (Fig. 2B and D).

To gain insights into the enhancing effects of mono-T_Fc
and di-T_Fc on Aβ21–40 aggregation, an amyloid seeding assay

(ASA) was carried out (Fig. 2E). In this experiment, Aβ21–40 pre-
aggregated with di-T_Fc or mono-T_Fc (in a peptide to
complex molar ratio of 1 : 0.5) acts as a seed for the aggrega-
tion of freshly prepared Aβ21–40, leading to an increase in fluo-
rescence intensity already at t = 0. The fluorescence profile of
Aβ21–40 treated with seeds with mono-T_Fc shows a significant
increase in intensity, reaching a maximum value of 3043 a.u.
(Table S1†). This suggests the formation of soluble oligomers
of higher dimensions than those found in the absence of
seeds. A similar experiment in the presence of seeds formed
with di-T_Fc shows a plateau already at 200 min and a
reduction of the t1/2 value of approximately 45 min with
respect to the value of the peptide alone and a subsequent
slight decrease of intensity, probably due to the formation of
insoluble fibrils that tend to precipitate. To gain insights into
the observed different behaviours of the Fc complexes toward
the amyloids, the lipophilicity of the complexes was assessed
by calculating their log P values using the classical flask
method.63 Both complexes showed log P values above 0 (0.82
for mono-T_Fc and 0.23 for di-T_Fc), suggesting a marked
hydrophobic character. This finding could explain the
observed preference of the complexes to interact with the
nearly neutral sequence of Aβ21–40 rather than that of
NPM1264–277.

Fig. 2 Overlay of time-courses of ThT fluorescence emission intensity
at 482 nm of Aβ21–40 (A and C) and NPM1264–277 (B and D) in the pres-
ence or absence of mono-T_Fc (A and B) and di-T_Fc (C and D) at indi-
cated peptide : metal complex molar ratios. (E) Amyloid seeding assay
(ASA) of Aβ21–40 with the seed Aβ21–40+ metal complex at a 1 : 0.5 molar
ratio. The results are representatives of two independent experiments.
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Effects of metal complexes on the amyloid aggregates:
autofluorescence and DLS assays

In the last twenty years, many studies have pointed out the
onset of a novel intrinsic autofluorescence, which is strictly
related to the fibrillization process. Indeed, upon excitation in
the UV range (280–400 nm), numerous amyloid systems
exhibit autofluorescence properties, characterised by an emis-
sion in the visible range (400–490 nm). This spectral feature is
often called “deep-blue autofluorescence”.64

We analysed the effects of the presence of mono-T_Fc and
di-T_Fc on the autofluorescence properties of the amyloid
models23,62 by monitoring emission spectra upon excitation at
440 nm over time (Fig. 3). Aβ21–40 alone exhibits an increase in
emission intensities at λ = 477 and 515 nm over time (Fig. 3A).
In the presence of di-T_Fc, a progressive shift toward higher
wavelengths (481 nm) and a related intensity increase, with a
concomitant disappearance of the band centered at 515 nm,
were observed (Fig. 3C). In the presence of mono-T_Fc, a slight
increase in fluorescence intensity (Fig. 3B) was found. The
same analysis carried out for NPM1264–277 confirms the poor
ability of the complexes to modulate NPM1264–277 aggregation;
indeed, no appreciable variations are visible in the spectra
recorded in the presence of the complexes when compared to
those recorded with the peptide alone (Fig. 3D–F). Control
experiments reveal a negligible fluorescence of the two com-
pounds upon excitation at 440 nm (Fig. S3†).

Then the DLS technique was employed to evaluate the
effects of the complexes on the aggregate size (Fig. 4). The
samples of peptides in the absence and presence of the com-
plexes (peptide : metal complex molar ratio of 1 : 0.5) were
monitored overtime. Correct autocorrelation was achieved only
for the sample formed using Aβ21–40 and di-T_Fc, after 4 h
under stirring. In this case the Aβ21–40 aggregates with a dia-
meter of ∼1555 nm (Fig. 4). The formation of these large aggre-
gates confirms the role of di-T_Fc as an enhancer agent of Aβ
peptide aggregation. Under the same conditions, metal-free
Aβ21–40 in the presence mono-T_Fc did not provide autocorrela-
tion (Fig. S4†).

The low limit of detection of the oligomers obtained by DLS
strictly depends on the nature of the sample (usually
80–100 nm in size),65 thus the lack of autocorrelation in the
case of Aβ21–40 alone and in the presence of mono-T_Fc indi-
cates that for both complexes the size of the oligomers is
under this limit.

ESI-MS analysis of adducts between the complexes and
NPM1264–277 and Aβ21–40
To evaluate a possible direct interaction between the peptides
and the two metal complexes, we employed native electrospray
ionization mass spectrometry (ESI-MS).

For this purpose, NPM1264–277 or Aβ21–40 peptides were
incubated with the metal compounds (at a 1 : 0.5 peptide to
metal complex molar ratio) and the samples were analyzed at t
= 0 of aggregation (Fig. 5 and 6). The peptides and complexes
alone were analyzed as references (Fig. 5, 6 and S5†) and the
peaks recorded are summarized in Tables S2 and 3.† In the
case of Aβ21–40 (Fig. 5A), signals of the b-series were generated
from spontaneous in-source fragmentation events, as pre-
viously reported.66 In the presence of mono-T_Fc (Fig. 5B), two
additional peaks at m/z 1118.68 and 746.7 a.m.u. were found.

Fig. 3 Overlay of the fluorescence emission spectra of Aβ21–40 (upper
panel) and NPM1264–277 (lower panel) in the absence (A and D) and pres-
ence of mono-T_Fc (B and E) and di-T_Fc (C and F) at different times
(λex = 440 nm and 1 : 0.5 peptide : complex molar ratio).

Fig. 4 Size distribution (A) and raw correlation (B) by DLS of Aβ21–40
with di-T_Fc at a 1 : 0.5 peptide : metal complex molar ratio recorded
after 4 h of aggregation. (C) Dynamic parameters of DLS analysis.

Fig. 5 ESI-MS spectra of Aβ21–40 in the absence (A) and presence of
mono-T_Fc (B) and di-T_Fc (C). The asterisks highlight the species that
are present also in the MS spectra of the complexes alone (Fig. S5†).
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These peaks are assigned to Aβ21–40 with one mono-T_Fc mole-
cule. In the presence of di-T_Fc (Fig. 5C), a peak at m/z 1201.17
a.m.u., related to Aβ21–40 with one di-T_Fc molecule was
observed. However, in this case, fewer peaks than those found
for mono-T_Fc, due to in source fragmentation, were found.
These results can be due to the formation of larger adducts
(see the DLS results) which are likely unable to correctly
ionize.23

Similar experiments were carried out for NPM1264–277;
related ESI-MS spectra are presented in Fig. 6. Peaks at m/z
1772.9, 1181.50, 886.85 and 591.76 a.m.u. are due the presence
of a disulfide-bridged dimer and these peaks persist in the
presence of metal complexes, even if peaks attributed to the
peptide with one molecule of mono-T_Fc and di-T_Fc, respect-
ively, are observed (Fig. 6 and Table S3†).

Effects of metal complexes on the morphologies of amyloid
fibers

The effects of mono-T_Fc and di-T_Fc on the morphologies of
NPM1264–277 and Aβ21–40 aggregates were investigated through
SEM. All samples were obtained and analyzed after mixing at a
1 : 0.5 peptide : complex molar ratio. After 4 h of aggregation,
the Aβ21–40 speptide alone provides long mature fibers with an
average length of ∼1000 µm and a diameter of ∼50 µm (Fig. 7A
and Table 1).66 In the presence of metal complexes, these
fibers are more structured with increased values of length and
diameter (Fig. 7B, C and Table 1), in line with already reported
data for amyloid enhancer agents.23,67 Also, NPM1264–277 alone
shows long well-defined fibers with a length of ∼1000 µm and
a diameter of ∼30 µm (Fig. 7D and Table 1). For this peptide,
the presence of metal compounds does not determine an
increase in fiber size, indeed the fibers observed in the pres-
ence of mono-T_Fc are rather similar to those of NPM1264–277
(Fig. 7F), while those found in the presence of di-T_Fc are
shorter and thinner than those of the peptide alone (Fig. 7E
and Table 1). As expected, the complexes alone do not form
fibers under the investigated experimental conditions
(Fig. S6†).

Cellular effects of metal complexes on the amyloid cytotoxicity
of Aβ21–40
As a preliminary step, the effects of the metal complexes on
the cytotoxicity of Aβ21–40 on SHSY5Y cells were analyzed using
the MTT assay (Fig. 8).

As expected, Aβ21–40 reduces the cell viability of ∼15% only
at t = 4 h, while the presence of di-T_Fc with the Aβ peptide
induces toxicity already at t = 0, not comparable to that of the

Fig. 7 SEM micrographs of Aβ21–40 (A–C) and NPM1264–277 (D–F) in the
absence and presence of mono-T_Fc or di-T_Fc at a 1 : 0.5 peptide :
metal complex molar ratio.

Table 1 SEM analyses. Average diameters and lengths of the fibers
obtained for Aβ21–40 and NPM1264–277 (see Fig. S7 and S8†) in the pres-
ence and absence of mono-T_Fc and di-T_Fc determined using the
software ImageJ68

Average diameter
(µm) ×10

Average length
(µm) ×103

Aβ21–40 4.7 ± 0.3 1.0 ± 0.8
Aβ21–40 + mono-T_Fc 7.4 ± 0.8 1.8 ± 0.9
Aβ21–40 + di-T_Fc 6.0 ± 0.2 1.9 ± 0.9

NPM1264–277 2.6 ± 0.1 1.0 ± 0.9
NPM1264–277 + mono-T_Fc 3.0 ± 0.1 1.4 ± 1.0
NPM1264–277 + di-T_Fc 3.4 ± 0.1 0.40 ± 0.08

Fig. 6 ESI-MS spectra of NPM1264–277 in the absence (A) and presence
of mono-T_Fc (B) and di-T_Fc (C). The asterisks highlight the species
that are present also in the MS spectra of the complexes alone.

Fig. 8 Cytotoxic effect of molecules on SHSY5Y cells: MTT assay of
Aβ21–40 in the absence and presence of mono-T_Fc and di-T_Fc incu-
bated under stirring at t = 0, 2 and 4 h. We refer to the control untreated
cells (control) as 100% of viable cells. Statistical analysis was calculated
using GraphPad Prism 9 by two-way ANOVA with Šídák’s multiple com-
parison test.
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di-T_Fc complex alone. This toxicity is presumably due to the
formation of high-order oligomers and remains almost con-
stant for 4 h of aggregation, suggesting the progression of oli-
gomerization, as also indicated by DLS experiments. Aβ21–40
with mono-T_Fc exhibited a behavior more similar to that of
the peptide alone.

Experimental
Synthesis of metal compounds and peptides

Aβ21–40 and NPM1264–277 were synthesized as previously
reported.69 After purification, peptides were treated with
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and then stored at
−20 °C until use. The synthesis of mono-T_Fc and di-T_Fc was
already reported.38,55 Mono-T_Fc exhibited a 0.022 V vs. FcH/
FcH + redox couple.38

Determination of log P

The logarithmic partition coefficient log P between 1-octanol and
water phases was determined for both complexes using the shake
flask method. The complexes were dissolved in an equal volume
of water (pre-saturated with 1-octanol) and 1-octanol (pre-satu-
rated with ultrapure water) to achieve a final concentration of
25 µM. The mixtures were shaken mechanically for 120 min at
25 °C and then centrifuged to assist with bilayer formation. The
experiments were performed at least in duplicate.

The concentrations in the water phase were determined by
UV-vis absorption (BioDrop DUO spectrophotometer) employ-
ing for mono-T_Fc ε275 nm = 8500 cm−1 M−1 bearing one
propen-thymine and for di-T_Fc ε275 nm = 17 000 cm−1 M−1

bearing two propen-thymine groups.70 The log P was calculated
according to the following equation by assuming Coctanol =
Ctotal − Cwater (C: complex concentration):

log P ¼ log
Coctanol

Cwater
:

UV-vis absorption spectroscopy

The solution stability of mono-T_Fc and di-T_Fc was evaluated
by obtaining their UV-vis absorption spectra in 10 mM phos-
phate buffer at pH 7.4 for 24 hours. To obtain the UV-vis
absorption spectra, the compounds were dissolved in DMSO
(50 mM stock solution) and then added to the selected buffers
to achieve a final concentration of 25 or 75 μM. The final con-
centration of DMSO was 0.2% (v/v). UV-vis absorption spectra
were recorded on BioDrop Duo UV Visible Spectrophotometers
(Cambridge, United Kingdom) at room temperature using
1 cm path length cuvettes and the following parameters:
290–600 nm range, 200 nm min−1, and 2.0 nm bandwidth.

Fluorescence spectroscopy

To evaluate stacking effects, emission spectra of di-T_Fc and
mono-T_Fc were recorded in a 10 × 2 mm path-length cuvette
using λexc = 260 nm and λem range: 270–600 nm. Assays were
performed at 25 °C in 50 mM phosphate buffer at pH 7.4 at

concentrations of 10, 25, 50 and 75 µM. Spectra were normal-
ized as the fluorescence intensity divided by the complex
concentration.

ThT emission assay was carried out using an Envision 2105
fluorescence reader (PerkinElmer) in black plates (96 well)
under stirring. Measurements were performed every 2 min
(λexc: 440 nm and λem: 485 nm). Assays were performed at
25 °C employing a peptide concentration of 50 µM in 50 mM
phosphate buffer at pH 7.4 using a ThT final concentration of
50 µM at different molar ratios with metal complexes (50 mM
stock solution in DMSO, final DMSO concentration 0.2%).
Amyloid seeding assays (ASAs) were performed employing
Aβ21–40 (50 μM) pre-aggregated with di-T_Fc or mono-T_Fc at a
1 : 0.5 peptide : metal complex molar ratio for 4 hours in
50 mM phosphate buffer at pH 7.4. The seeded samples were
added to the Aβ21–40 monomer (50 μM) at a final concentration
of 5 μM, providing a seed : monomer molar ratio of 1 : 10. As
controls, the seeded samples were added to 50 mM phosphate
buffer at pH 7.4.

Autofluorescence experiments were carried out on a JASCO
FP 8300 spectrofluorometer, in a 10 × 2 mm path-length
cuvette using a peptide concentration of 50 µM in 50 mM
phosphate buffer at pH 7.4 in the absence or presence of com-
plexes at a 1 : 0.5 peptide : metal compound molar ratio; λexc:
440 nm and λem range: 450–600 nm.

ESI-MS analysis

The solution of Aβ21–40 or NPM1264–277 at a concentration of
50 µM in 15 mM ammonium acetate (AMAC)71,72 buffer at pH
= 7.0 was incubated with di-T_Fc or mono-T_Fc in a peptide to
metal compound molar ratio of 1 : 0.5. The solutions were
diluted 10 times with 15 mM AMAC and then analyzed using a
LTQ XL ion trap mass spectrometer equipped with an electro-
spray ionization (ESI) source operating at a needle voltage of
3.5 kV and 320 °C with a complete Ultimate 3000 HPLC
system, including a pump MS, an autosampler, and a photo-
diode array (all from Thermo Fisher Scientific). Spectra of the
isolated peptides and the two complexes alone were recorded
as controls.

DLS assays

DLS measurements were performed using a Zetasizer Nano S
DLS device from Malvern Instruments (Malvern,
Worcestershire, UK) with a 633 nm laser, a backscatter angle
of 173°, thermostated with a Peltier system and a plastic
micro-cuvette. Aβ21–40 with a concentration of 50 µM in 50 mM
phosphate buffer at pH 7.4 and 25 °C alone or at a 1 : 0.5
peptide to metal complex molar ratio was kept under stirring.
Size distributions by intensity were determined in automatic
mode at regular time-intervals over a period of 10 min for each
measurement. Thirteen acquisitions were recorded, each of 10
seconds in duration.

Scanning electron microscopy

SEM micrographs were taken using the SEM-Hitachi TM3000
configuration and preparation protocols as previously
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reported.73 Briefly, samples (50 μL) 1 containing Aβ21–40 or
NPM1264–277 (50 μM) alone or mixed with complexes at a 1 : 0.5
peptide : metal compound molar ratio (10 mM phosphate
buffer at pH 7.4, final DMSO concentration 0.2%) after 4 h of
stirring were mounted on microscope stubs, dried overnight,
and sputter coated with gold of about 5 nm thickness.

Cell culture

The human SH-SY5Y cell line was grown under a humidified
atmosphere of 5% CO2 (37 °C) in Dulbecco’s modified Eagle’s
medium and Ham’s F12 (DMEM/F-12) containing 10% fetal
bovine serum (FBS), 100 μg mL−1 of L-glutamine, and 100 U
mL−1 of penicillin/streptomycin.

MTT assay

The cells were seeded in triplicate in 96-well plates at a density
of 35 000 cells per well. Aβ21–40 (200 μM stock solution in
50 mM phosphate buffer at pH 7.4) in the absence and pres-
ence of the metal complexes at a 1 : 0.5 peptide to metal com-
plexes molar ratio (after 0, 2 and 4 h of stirring) were diluted
in the cell culture medium at a final concentration of 50 μM
and added to the cells and left for 24 h at 37 °C under a
humidified atmosphere of 5% CO2. The control cells were
incubated with phosphate buffer diluted in the cell culture
medium at the same final concentration used for the Aβ
peptide. After the incubation, 200 μL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (final concentration of
0.5 mg mL−1 in complete cell media without red phenol;
Sigma-Aldrich) was added to each well for 3 h. Isopropanol
was then added to allow the reduction of MTT into formazan
crystals by living cells. The optical density of each well sample
was determined at 570 nm using a microplate reader. A blank
absorbance value of 0.13, obtained from the wells without the
cells but treated with the MTT reagent, was subtracted from all
the absorbance values. Then, the average absorbance value of
cells incubated with the Aβ peptide was normalized to those of
control cells incubated with buffer, and the cell viability was
expressed as a percentage of the control.

Conclusion

In NDDs, amyloid aggregates cause neurotoxicity through
different mechanisms including the disruption of membranes,
interference with electrophysiological signaling, and/or metal
ion homeostasis. Hence, there is an urgent need to revert the
toxicity of amyloid aggregates using chemical agents as metal-
lodrugs. Few studies report on enhancer agents and the experi-
mental consequences of the increase of amyloid formation
such as accelerated kinetics, enlargement of oligomers74,75

and reduced toxic effects.67 In the present study, we have inves-
tigated the effects of two ferrocene neutral metal complexes,
mono-T_Fc and di-T_Fc, containing one and two propen-thy-
mines as ligands, respectively, on the self-aggregation of two
amyloid peptide models, Aβ21–40 and NPM1264–277, which are
endowed with different pI values, slightly acidic and very

basic, respectively (Fig. 1). The two metal complexes have
different effects on the aggregation of the two model systems;
indeed, a neat amyloid enhancer outcome was observed in the
case of Aβ21–40, while a slight inhibition was detected in the
case of NPM1264–277. The observed selectivity toward amyloid
systems is an important novelty for the employment of
metallodrugs21–28 and is likely due to both electrostatic and
steric factors. Indeed, the nearly neutral state of Aβ21–40 could
favour the interaction with neutral complexes differently from
NPM1264–277. This latter sequence drives its self-aggregation
mechanism mainly through aromatic interactions.76,77 These
differences could explain the opposite observed effects of the
metal complexes toward self-recognition of the peptides; in the
case of Aβ21–40, the insertion of di-T_Fc and mono-T_Fc into
the growing oligomers takes place without disrupting the
occurring interactions, as instead observed in the case of
NPM1264–277. This enhancing effect was greater for di-T_Fc,
which bears two propen-thyminyl moieties. The presence of a
nucleobase is crucial in this enhancing mechanism, in agree-
ment with the results obtained using cymantrene-containing
complexes coordinated to adenine.23 The enhancer effect is so
high for di-T_Fc that micrometric Aβ21–40 oligomers are
observed for the first time. Nevertheless, the narrowed water
solubility and active concentration ranges of di-T_Fc represent
limiting factors in its direct translation as a selective
neurodrug.

Overall, this study strongly supports the hypothesis that
ferrocene/nucleic acid conjugates are selective modulators of
different amyloids and can be considered as a future class
of therapeutic agents at early stages of amylogenesis. Future
molecular modeling investigations could unveil structural
determinants of recognition between amyloids with known
structural features and thymine–Fc complexes and could aid
the design of analogues through the introduction of appro-
priate chemical modifications to enhance their water solubi-
lity and specificity and modulate their enhancing/inhibitor
effects.
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