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ABSTRACT

Revised: 14 June 2017

Amyloid peptide fibrillogenesis induced by Cu(II) ions is a key event in the
pathogenesis of Alzheimer’s disease. Dendrimers have been found to be active
in preventing fibril formation. Therefore, they hold promise for the treatment of
Alzheimer’s disease. In this study, the fibrillation mechanism of amyloid peptide
Aβ 1‐40 was studied by adding Cu(II) in the absence and presence of 4th generation
poly(propyleneimine) glycodendrimer functionalized with sulfate groups, using
dynamic light scattering (DLS), circular dichroism (CD), fluorescence, electron
paramagnetic resonance (EPR) and molecular modeling (MD). The glycodendrimer
was non‐toxic to mHippoE‐18 embryonic mouse hippocampal cells, selected as
a nerve cell model, and decreased the toxicity of peptide aggregates formed
after the addition of Cu(II). The binary systems of Cu(II)–glycodendrimer,
Cu(II)–peptide, and glycodendrimer–peptide were first characterized. At the
lowest Cu(II)/glycodendrimer molar ratios, Cu(II) was complexed by the
internal‐dendrimer nitrogen sites. After saturation of these sites, Cu(II) binding
with sulfate groups occurred. Stable Cu(II)–peptide complexes formed within
5 min and were responsible for a transition from an α helix to a β‐sheet
conformation of Aβ 1‐40. Glycodendrimer–peptide interactions provoked the
stabilization of the α‐helix, as demonstrated in the absence of Cu(II) by the
Thioflavin T assay, and in the presence of Cu(II) by CD, EPR, and MD. Formation
of fibrils is differentially modulated by glycodendrimer and Cu(II) concentrations
for a fixed amount of Aβ 1‐40. Therefore, this multidisciplinary study facilitated
the recognition of optimal experimental conditions that allow the glycodendrimer
to avoid the fibril formation induced by Cu(II).
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Introduction

The global trend of increasing life expectancy and the
increased number of elderly individuals in the human
population have recently drawn the attention of the
scientific community to aging‐related pathologies, such
as neurodegenerative diseases. Currently, the most
prevalent neurodegenerative disorder is Alzheimer’s
disease (AD), followed by Parkinson’s disease (PD),
and relatively rare disorders such as Huntington
disease (HD) and amyotrophic lateral sclerosis
(ALS) [1]. The common hallmark of this spectrum of
degenerative diseases is pathological protein misfolding
and aggregation. This leads to toxic effects mediated
by both fibrillar aggregates and monomeric/oligomeric
species [2]. The economic and social impact of
neurodegenerative diseases is quite significant con‐
sidering their slow progression, the continuous and
specialized assistance required by advanced stage
patients [3], and the healthcare costs for people aged
65 or older. The healthcare costs are three times higher
when elderly patients are affected by AD. Worldwide,
more than 47.5 million individuals have AD, and it is
estimated that this number will triple in the next 35
years [4]. Currently, only a few AD medications are
available. These medications can cause side effects
and are effective temporarily (6–12 months) only for
patients with mild to moderate AD [5]. Unfortunately,
most patients respond poorly or not at all to these
therapies. For all these reasons, the molecular mech‐
anism behind neurodegenerative diseases is a topic
of intense biomedical research, and new therapies
that target the causes of AD, reverse symptoms, or
completely prevent AD are urgently needed.
Some proposed treatments are based on targeting
and interfering with the dynamics of aggregation [6],
such as: i) compounds that can either clear toxic
misfolded proteins (e.g. shifting the equilibrium towards
a physiological, intrinsically disordered conformation)
or protect neurons from their impact [6]; ii) promotion
of protein aggregation by small molecules and
nanoparticles (NPs), i.e., accelerating the formation of
large inclusions in order to lock the aggregates into a
potentially less toxic form [7]; and iii) physico‐chemical
approaches, mainly using NPs, for disrupting aggregated
structures or avoiding protein–protein interaction [8, 9].

With regard to the last two classes of NP‐based
potential therapies, dendrimers were identified as a
new potential therapeutic approach for degenerative
diseases characterized by amyloidogenesis [10, 11].
This is caused by their unique tree‐like, branched
macromolecule architecture featuring protein‐like
properties, low dispersity, and a high degree of
versatility [12]. The employment of this NP family
has been proposed as a successful approach for several
nanomedicine applications, such as controlled and
targeted drug release, imaging, and gene therapy
[13–16]. Dendrimers could facilitate passage across
biological barriers due to their specific and easily
customizable physico‐chemical features. Indeed, different
dendrimer topologies have already shown the ability
to impair the aggregation of amyloid peptides related
to Alzheimer’s and prion diseases in vitro [17–23], as
well as the potential for PD treatment [24–27]. The
outcome of this interaction depends on the dendrimer–
peptide ratio, for which the benefit is twofold: A low
dendrimer–peptide ratio prompts fibril clumping, and
a high ratio favors non‐fibrillar amorphous structure,
both of which are expected to reduce the pathogenic
properties of amyloid [20]. This suggests an active
interaction of polybranched macromolecules in the self‐
assembly and disassembly of amyloidogenic peptides
and proteins.
Several studies have indicated that transition metal‐
mediated abnormalities also play a crucial role in
many neurodegenerative disease pathogeneses [28–30].
Therefore, in the present study, the effect of Cu(II) on
the aggregation process of the amyloid peptide was
investigated in the absence and presence of dendrimers.
The amyloid precursor protein (APP) and its β‐amyloid
(Aβ) fragments, the prion protein, and α‐synuclein
possess sequence motifs that offer specific binding
sites for Cu(II) ions that mediate redox reactions
involved in pathological processes [31, 32]. The human
Aβ contains three His residues that have imidazole
moieties able to coordinate metal ions such as Cu(II),
with which they form very stable complexes [32–34].
The presence of the three His residues may be critical
for peptide aggregation processes since previous
studies involving rats, which have only two His
residues in the peptide sequence, have shown strongly
diminished Aβ aggregation [35]. Additionally, it has
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been found that copper may promote Aβ aggregation
and that its neurotoxicity depends on catalytically
generated H2O2 by copper–Aβ complexes in vitro [36].
Moreover, characterization of the interaction of Cu(II)
with α‐synuclein has demonstrated that this metal
may be effective in accelerating peptide aggregation
at physiologically relevant concentrations without
changing the fibrillar structures [37, 38].
In the present study, a multivalent interacting anionic
th
4 generation poly(propyleneimine) glycodendrimer,
possessing sulfate groups in the outer shell (termed
G4S) was synthesized, structurally characterized, and
finally used to check the effect of increasing Cu(II) on
the aggregation behavior of the Aβ peptide sequence
1‐40 (Aβ 1‐40) in the absence and presence of various
dendrimer concentrations. The use of the specific
glycodendrimer G4S was motivated by key characteristics
revealed by glycodendrimers and their derivatives for:
i) avoiding the assembly processes of synthetic Aβ
fragments, human Aβ fragments, and prion peptides
and proteins [39, 40]; ii) avoidance of infection by
misfolded prion proteins in glycodendrimer‐pretreated
cells [39, 41]; iii) crossing the blood‐brain‐barrier
in a mouse model for Alzheimer’s treatment [39];
iv) destabilizing misfolded prion protein aggregates
[23]; and v) the formation of stable Cu(II) complexes
[42]. On this basis, it is expected that glycodendrimer
G4S exhibits multivalent interactions toward the Aβ 1‐40
peptide and Cu(II) ions, thus minimizing undesired
fibrillar assemblies generated by the ions. This study
is the first to evaluate the potential of G4S NPs in the
treatment of neurodegenerative fibrillopathies.
The biocompatibility of glycodendrimers has already
been shown [43]. In this study, the biocompatibility
of the glycodendrimer G4S in the presence of Aβ and
Cu(II) was assessed by the Alamar Blue assay, using
mHippoE‐18 embryonic mouse hippocampal cells as
a nerve cell model.
To completely characterize the Cu(II)–G4S–Aβ
1‐40 system, several different techniques were used.
First, the variations in dendrimer size and zeta
potential after the addition of Cu(II) were measured
by dynamic light scattering (DLS), whereas the ability
of glycodendrimer G4S and Cu(II) ions, as well as
the combination of both, to affect Aβ 1‐40 aggregate

formation over time was evaluated by circular
dichroism (CD) analysis and Thioflavine T (ThT)
fluorescence assay.
The complexation of Cu(II) ions with Aβ 1‐40 in the
absence and presence of G4S was also studied using
the electron paramagnetic resonance (EPR) technique
at different molar ratios between the components.
This technique has been already used as a powerful
tool to characterize Cu(II)–dendrimer complexes
[42, 44–46].
Finally, molecular dynamics (MD) was employed
to investigate Aβ 1‐40 conformational features and
aggregation properties with atomic resolution. This
was done by simulating both monomeric and dimeric
forms of the peptide in a water environment, and in
the absence and presence of Cu(II) and glycodendrimer
G4S. MD has been widely demonstrated to be a precious
means for providing insight into molecular phenomena
characterizing biomolecules and proteins [47–54].
Therefore, the final focus of the present work is to
evaluate the application of glycodendrimer G4S in
neurodegenerative fibrillopathies treatments.

2
2.1

Experimental and computational methods
Materials

All chemical reagents were purchased from commercial
suppliers. Unless otherwise specified, the materials
were purchased from Sigma‐Aldrich (St. Louis, MO,
USA). The synthetic peptide Aβ 1‐40 [DAEFRHDSGY
EVHHQKLVFFAEDVGSNKGAIIGLMVGGVV] (HPLC
purity >90%) was purchased from JPT Peptide
Technology GmbH (Berlin, Germany). A peptide stock
solution was stored in 10 mM phosphate buffer at
pH 7.4. All cell culture reagents were purchased from
Gibco® (Germany). Flasks and multiwell plates
were obtained from Nunc (Germany). Water used
for preparation of all solutions was obtained from a
Milli‐Q system (Millipore, Merck KGaA, Darmstadt,
Germany).
2.2

Synthesis of glycodendrimer G4S

The synthesis of glycodendrimer G4S (Fig. 1) was
performed following the procedure previously reported
in the literature [23].
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PPI dendrimer by SyMoChem (Eindhoven, The
Netherlands).
2.3 Measurements of hydrodynamic diameter and
zeta potential using DLS
Measurements of the hydrodynamic diameter and
zeta potential of particles in solution were performed
with the Zetasizer Nano ZS (Malvern Instruments
Ltd., UK). Phosphate buffered saline (PBS) solutions
(pH 7.4) containing the dendrimer at a constant
concentration (17 μM, the lowest concentration on the
basis of the sensitivity limits of the technique) and
Cu(NO3)2·3H2O at different concentrations (0–850 μM)
were prepared. Hydrodynamic diameter and zeta
potential of the particles in each sample were recorded
as an average of five measurements. Each measurement
of the hydrodynamic diameter was repeated for three
different samples, while each measurement of the
zeta potential was repeated for a minimum of five
different samples.
2.4 Circular dichroism measurements
Figure 1 Simplified structure and synthesis of glycodendrimer
G4S.

First, synthesis of the glycodendrimer poly(propy‐
leneimine) (PPI)‐Mal‐DS G4 (Fig. 1, MW 49,100 g∙mol–1)
was performed as the starting point for the desired
G4S [40]. Then the PPI‐Mal‐DS G4 (0.344 g, 0.007 mmol)
was dissolved in anhydrous DMSO (20 mL) by heating
the suspension at 100 °C for 1 h. The solution was
cooled down to room temperature. Pyridine (1.5 mL,
0.12 mmol) and sulfur trioxide*pyridine complex
(1.00 g, 6.32 mmol) were then added. The reaction
solution was stirred overnight at 60 °C. The pH was
adjusted to neutrality with a 1 M NaOH solution. The
crude product was then purified by dialysis toward
deionized water for four days by exchanging the
deionized water intensively. The desired G4S (MW
57,000 g∙mol–1) was obtained as a white solid (0.51 g)
by freeze drying. Molecular weights of PPI‐Mal‐DS G4
and G4S were determined by asymmetric field‐flow
field fractionation [55]. Dendrimer nomenclature was
based on that used for the parental PPI dendrimers
[56], using the commercially available 5th generation

For the CD spectra measurements, a Jasco J‐815
circular dichroism spectropolarimeter (Jasco, Japan),
equipped with a PFD‐425S/15 Peltier‐type temperature
controller, was used. A stock solution of Aβ 1‐40
peptide (1 mM) in 10 mM phosphate buffer (pH 7.4)
was prepared. In all CD measurements, samples were
kept in a quartz cuvette. In temperature controlled
(37 °C) experiments, CD spectra were recorded with a
path length of 0.05 cm in the wavelength range from
195 to 260 nm. Each spectrum was recorded as an
average of three scans, collected with a scan speed of
50 nm∙min–1, response time of 1 s, and 1 nm bandwidth.
Each experiment was repeated three times. Results
were reported as the mean residue ellipticity (MRE)
in deg∙cm2∙dmol–1. Deconvolution of CD spectra was
performed with the use of a neural network algorithm
implemented in K2D3 computer software [57].
2.4.1 Measurements of secondary structure changes
The Aβ 1‐40 peptide solution was mixed with solutions
of the glycodendrimer G4S to give a final Aβ 1‐40
peptide concentration of 15 μM (the lowest con‐
centration on the basis of the sensitivity limits of the
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technique) and dendrimer concentrations in the range
of 0.01–1 mM. Similar to the methods for the DLS
measurements, Cu(NO3)2·3H2O solutions were prepared
at different concentrations in the range of 0–850 μM.
2.4.2

Kinetics of the formation of amyloid fibrils

An Aβ 1‐40 peptide solution at a final concentration
of 15 μM was added to a solution containing 1 μM of
dendrimer and 0.2 μM Cu(NO3)2·3H2O or 0.041 mg∙mL–1
heparin. The concentrations used were first verified
to provoke fibril formation. CD measurements were
performed at different time intervals during aggrega‐
tion (0, 0.5, 5, 15, 30, 60 and 120 min from the
beginning of the process).
2.5

Formation of amyloid fibrils—ThT assay

Peptide aggregation was monitored using ThT,
heparin‐sodium salt from porcine intestinal mucosa
(H4784). ThT fluorescence is affected by aggregate
formation. A stock solution of Aβ 1‐40 peptide (1 mM)
in phosphate buffer (pH 7.4) was diluted to 50 μM.
ThT was then added at a concentration of 35 μM. As
with other methods, the selected concentrations were
the lowest that allowed us to obtain reliable results
on the basis of the sensitivity limits of the technique.
Aggregation was triggered by the addition of
0.041 mg∙mL–1 heparin (pH 5.5), obtained by adding
aliquots of HCl(aq). Fluorescence was measured with
a Perkin‐Elmer LS‐55 spectrofluorometer. Further
experiments were performed using mixtures of Aβ
1‐40 and heparin with glycodendrimer G4S (0.01–1 μM).
Experiments were performed at 37 °C under continuous
stirring of the samples. The kinetics of aggregation
was monitored by the changes in fluorescence intensity
during the course of the experiment, with excitation
and emission wavelengths of 450 and 490 nm, respec‐
tively. The excitation and emission slit widths were
set at 2.5 nm.
2.6

EPR study

Two binary systems containing: i) Cu(NO3)2·3H2O
(from 0.002 M to 0.1 M) and Aβ 1‐40 peptide (0.02 M);
and ii) Cu(NO3)2·3H2O (from 0.002 to 0.1 M) and
glycodendrimer G4S (from 0.01 to 0.2 M in surface
groups) were prepared in Millipore double‐distilled

water and in 10 mM phosphate buffer (pH 7.4). The
concentrations could not be lower than those
reported above, due to the sensitivity limits of the
technique. The binary systems were analyzed by EPR
as references together with blanks constituted by the
Cu(NO3)2·3H2O solutions at concentrations ranging
from 0.002 to 0.1 M. Finally, on the basis of the EPR
results from the binary systems, a ternary system
was prepared by adding a dendrimer solution (final
concentration from 0.01 to 0.1 M in surface groups) to
a solution containing Cu(NO3)2·3H2O (0.02 M) and
Aβ 1‐40 peptide (0.02 M), both in Millipore double‐
distilled water and in a 10 mM phosphate buffer (pH
7.4) solution. The Cu(II)/dendrimer–surface groups
molar ratio was changed while holding the concentration
of either the dendrimer or Cu(II) constant. The samples
were left to equilibrate for 1 to 24 h and we verified
that the spectra did not change during this time.
For the kinetics study, the glycodendrimer G4S (at
concentrations of 2, 0.2 and 0.02 mM in surface groups)
was added to solutions of Cu(NO3)2·3H2O (from 2 to
40 mM) and Aβ 1‐40 (3 mM) in 10 mM phosphate
buffer (pH 7.4). For the samples inserted into the EPR
cavity thermostated at 298 K, the spectra were recorded
at multiple time points between 0 and 30 min.
EPR spectra were recorded by means of an EMX‐
Bruker spectrometer operating at X band (9.5 GHz)
and interfaced with a PC (EPR spectra software
supplied by Bruker). The temperature was controlled
with a Bruker ST3000 variable‐temperature assembly
cooled with liquid nitrogen. The EPR tubes had a
constant internal diameter of 2 mm and were filled
with 50 μL of solution. The setup of the instrument
was the same for all EPR measurements. The EPR
spectra were recorded for the different samples as a
function of temperature, but the spectra were only
computed at 298 and 150 K. In all cases, we controlled
the reproducibility of the results by repeating the EPR
analysis three times using the same experimental
conditions for each sample.
2.6.1

EPR spectra computation

Computation of the EPR spectra was performed by
using the well‐established procedure of Budil and
Freed [58], which allowed us to obtain structural and
dynamical information on the systems. The main
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parameters extracted from the computation were: i) the
gii components for the coupling between the magnetic
field and the electron spin (accuracy ± 0.001). As an
internal reference with <g> = 2.0036, a 1,1‐diphenyl‐2‐
picryl‐hydrazyl (DPPH) standard was added to the
solutions. The accuracy in the gii parameters is ± 0.0001;
ii) the Aii components for the coupling between the
electron spin and the Cu(II) nuclear spin (I = 3/2). The
accuracy of these parameters is estimated to be ±0.5
G; iii) the line width (LW; accuracy ±0.5 G); and iv)
for the spectra at 298 K, the correlation time for the
rotational diffusion motion of the Cu(II) ions and
their complexes (τ; accuracy ±0.01 ns). In almost all
cases, the spectra are constituted by different signals,
i.e., different spectral components that correspond to
Cu(II) in different coordination sites. A subtraction
procedure from one to another experimental spectrum
allowed us to extract the different components, to
quantify them by means of a double integration of the
signals, to evaluate the relative percentages (accuracy
±1%), and to separately compute the different com‐
ponents in order to obtain structural and dynamical
information.
2.7

Statistics

The data are expressed as a mean value ± SD of 3 (CD
and zeta potential measurements) or 5 (fluorescence
and DLS measurements). Statistical significance was
assessed using Fisher’s exact test (p < 0.05).
2.8 Determination of the cytotoxicity of Aβ 1‐40
during aggregation induced by Cu(II) in the absence
and presence of the glycodendrimer G4S
The influence of the glycodendrimer G4S and
Cu(NO3)2·3H2O on cell viability was determined using
the Alamar Blue assay. This assay is commonly accepted
for the analysis of cell viability in the presence of Aβ
peptides [59].
Embryonic mouse hippocampal cells (mHippoE‐18)
were grown in Dulbecco’s minimum essential medium
(DMEM) medium supplemented with 2 mM glutamine
and 10% (v/v) fetal bovine serum (FBS). Cells were
cultured in T‐75 culture flasks in a 37 °C humidified
atmosphere containing 5.0% CO2 and were subcultured
every 2 days. Cells were harvested and used in

experiments after obtaining 80%–90% confluence. The
number of viable cells was determined by the trypan
blue exclusion assay with the use of a Countess
Automated Cell Counter (Invitrogen, Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Cells were
seeded in flat bottom 96‐well plates at a density of
1.0 × 104 cells∙well–1 in 100 μL of medium. After seeding,
plates were incubated for 24 h in a 37 °C humidified
atmosphere containing 5.0% CO2 in order to allow cells
to attach to the plates. The maximum concentration
of glycodendrimer G4S used in the cytotoxicity study
caused a decrease in cell viability below 80%; therefore,
a concentration of 10 μM was used in further
experiments.
For the determination of the cytotoxicity of Aβ 1‐40
during aggregation induced by Cu(II) in the absence
and presence of the dendrimer, Aβ 1‐40 peptide
samples at a 3.5 μM final concentration were added to
the 96‐well plates containing cells at a density of 1.0 ×
104 cells∙well–1. Cu(NO3)2·3H2O was added at concen‐
trations from 0.1 to 30 times the Aβ 1‐40 concentra‐
tion in the absence and presence of the dendrimer at
concentrations of 0.1 and 1 μM. In the different
experimental conditions, the cells were incubated for
24 h in a 37 °C humidified atmosphere containing 5.0%
CO2. After the incubation period, the cells were washed
with PBS. Next, 100 μL of a 0.125 mg∙mL–1 solution of
resazurin sodium salt (R7017) in PBS was added to
each well. Then the cells were further incubated under
normal culture conditions for 2 h. The conversion of
the resazurin salt to a colored resorufin by mitochondrial
and cytosolic dehydrogenases is a marker of cell
viability. Prior to taking measurements, the plates
were shaken for 1 min and the fluorescence at λext =
530 nm and λem = 590 nm was measured by means of
a Fluoroskan Ascent FL (Thermo Labsystems, USA).
2.9
2.9.1

In silico studies
System coordinates and topology

The Aβ 1‐40 monomer model taken from a previously
completed computational NMR study (PDB code 1BA4
[60, 61]) was employed as a starting point for the
present work. The AMBER99‐ILDN force field [62, 63],
and TIP3P model [64] were employed to define the
topology of the protein [62, 65], and water molecules,
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respectively. The non‐bonded Amber parameters
for Cu(II) were chosen based on previous studies (σ =
0.096 nm and ε = 0.01 kcal/mol) [66]. The 4th generation
glycodendrimer, decorated by maltose and func‐
–
tionalized with SO 3 groups, was built, parameterized,
and refined according to Refs. [54, 67–70]. A refined
three‐dimensional atom arrangement was obtained
by employing the Dendrimer Building Toolkit (DBT)
as a working platform [71]. The dendrimer was
considered made of three main hyperbranched
residue types: AAA (dendrimer core), BBB (dendrimer
branch), and CCC (dendrimer terminals). Each of the
64 terminal amine groups of the dendrimer was
–
decorated by two maltose molecules. Then, a SO 3
group was attached to each of the 76 maltose groups
following the experimental design of the dendrimer.
A dedicated in‐house code has been employed for
building the decorated dendrimer, starting from the
PPI obtained by the DBT. The General Amber Force
Field (GAFF) has been employed for force‐field
parameters [72, 73]. Partial charges were calculated by
the Restrained ElectroStatic Potential (RESP) fitting
method at the HF/6‐31G* level of theory using
Gaussian09 via the RESP ESP charge Derive Server
(R.E.D.Server) [74–76].
2.9.2 Classical molecular dynamics of the Aβ 1‐40 monomer
In the present study, three different molecular systems
were considered: i) Aβ 1‐40 monomer structure in a
water environment (called Aβm); ii) Aβ 1‐40 monomer
structure in water and in the presence of a Cu(II) ion
(called Cu–Aβm); and iii) Aβ 1‐40 monomer structure
in water and in the presence of both a Cu(II) ion and
the glycodendrimer G4S (Cu–G4S–Aβm system).
Each system was fully solvated and neutralized in
a molecular box where the minimum distance between
the molecular system and the edge of the box was set
to 1.2 nm. Following an initial energy minimization
of 1,000 steps of steepest descent, two preliminary
position restraint MD simulations of 50 ps were carried
out in canonical (NVT) and isothermal‐isobaric
(NPT) ensembles, where the heavier atoms of the
peptide were restrained using a force constant of
1,000 kJ∙mol–1·nm–2. During the first restrained MD
simulation in the NVT ensemble, peptide and non‐
peptide atoms were coupled separately to temperature

baths using the v‐rescale coupling algorithm with a
coupling time of 0.1 ps [77]. Then, the second restrained
MD simulation in the NPT ensemble was performed
while keeping the pressure at 1 bar by applying
Berendsen’s weak coupling method with a time
constant of 5 ps [78]. Finally, the production MD
was performed in the NPT ensemble for 100 ns. The
v‐rescale algorithm was again used to maintain the
system’s temperature at 310 K (τT = 0.1 ps) [77], and
the pressure was maintained at 1 bar using the
Parrinello–Rahman barostat (τT = 2 ps) in the isobaric‐
isochoric (NPH) ensemble with long‐range dispersion
correction applied for both the energy and pressure
terms [79, 80].
The GROMACS 4.6 package was applied for MD
simulations and data analysis [81]. The visual molecular
dynamics (VMD) package was employed for the visual
inspection of the simulated systems [82].
2.9.3

Classical molecular dynamics of the Aβ 1‐40 dimer

Each molecular system was then used as a starting
point for the monomer–monomer MD simulation.
In detail, each equilibrated molecular system (Aβm,
Cu–Aβm) was placed 1.5 nm from itself in order
to study the dimerization mechanism. The obtained
molecular systems re: i) Aβ 1‐40 dimer alone in water
environment (called Aβd); and ii) Aβ 1‐40 dimer in
the presence of two Cu(II) ions (called Cu–Aβd). At
the end of the Cu–Aβd simulation, a glycodendrimer
G4S was introduced to study its effect on the Aβ 1‐40
dimer structure. Thus, the third simulated system
consisted of Aβ 1‐40 dimer in the presence of two
Cu(II) ions and one glycodendrimer G4S (Cu–G4S–Aβd
system).
Each molecular system, consisting of about 120,000
interacting atoms, was simulated following the same
procedure employed for the classical MD simulation
of the Aβ 1‐40 monomer. The production MD was
performed in the NPT ensemble for 100 ns.
2.9.4

Umbrella Sampling procedure

The final coordinates at the end of the unbiased MD
trajectories were used as starting configurations for
umbrella sampling simulations with the aim of esti‐
mating protein–protein binding free energy [83, 84].
The binding free energy was obtained by using the
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umbrella sampling (US) procedure. Starting from
the production MD output, a steered molecular
dynamics (SMD) simulation was carried out to obtain
a number of initial configurations for the US following
the same computational procedure successfully applied
for protein–protein free energy estimation [83, 85, 86].
The distance between the center of mass (COM) of the
two Aβ 1‐40 monomers was considered as the reaction
coordinate. The first monomer was pulled away from
the second one along the distance axis for 300 ps with
a constant velocity of 0.01 nm∙ps–1 by applying an
elastic spring of 1,000 kJ∙mol–1∙nm–2. Fifteen trajectory
snapshots were captured in order to obtain regular
spacing of 0.2 nm along the reaction coordinate. For
each configuration, a preliminary position restrained
MD in the NPT ensemble at 300 K was carried out
for 50 ps. Each system was then simulated (2 fs time
step) for 50 ns in the NPT ensemble by applying an
umbrella biasing potential with a force constant of
1,000 kJ∙mol–1∙nm–2 to constrain the inter‐monomer
COM distance. The monomer–monomer interaction
free energy profile was estimated by employing the
weighted histogram analysis method (WHAM) [87],
applied to the last 20 ns of each umbrella simulation.
The error estimation was performed by calculating
the standard deviations of the potential of the mean
force via bootstrapping technique [88, 89].

3

supported and integrated by a computational inves‐
tigation based on molecular dynamics simulations
carried out on the Aβ 1‐40 structure: i) in the absence
and presence of Cu(II); and (ii) after the addition of
G4S to the Cu(II)–Aβ 1‐40 complex.
3.1 Measurements of hydrodynamic diameter and
zeta potential using DLS
The zeta potential and hydrodynamic diameter changes
for G4S mediated by Cu(NO3)2∙3H2O are shown in
Figs. 2(a) and 2(b), respectively.
No statistically significant changes in the hydro‐
dynamic diameter of these NPs were observed.
Cu(NO3)2∙3H2O caused only a small increase in the
hydrodynamic diameter. The maximum value of the
hydrodynamic diameter for the Cu(II)–glycodendrimer
complexes was approximately 7.8 nm (Fig. 2(b)).
However, some changes in the dendrimer zeta
potential were observed with increased Cu(II) con‐
centrations (Fig. 2(a)). Indeed, the addition of copper

Results and discussion

The various experimental investigation methods (DLS,
CD, fluorescence and EPR) were selected with the aim
to assess: i) the physico‐chemical characteristics of
dendritic NPs in different physiological/pathological‐
mimicking conditions in the absence and presence of
Cu(II)–Aβ 1‐40 complexes; ii) the influence of copper
on glycodendrimer G4S structure and the type and
stability of the Cu–dendrimer complexes at different
molar ratios; iii) the structure and stability of the
complexes formed by the ions and the Aβ 1‐40 peptide;
iv) chemical modification of the Cu(II)–peptide com‐
plexes following addition of the dendrimer at different
molar ratios; and v) the kinetics of fibril formation
induced by Cu(II), in the absence and presence of
various G4S concentrations. The information obtained
by using the different experimental techniques was

Figure 2 Influence of Cu(NO3)2·H2O on the glycodendrimer zeta
potential (mV) (a) and hydrodynamic diameter (nm) (b).
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ions provoked an initial gain of the glycodendrimer
zeta potential up to a molar ratio of approximately
4:1 (30.23 ± 3.07 mV) followed by a decrease as the
copper concentration increased (Fig. 2(a)). This is in
agreement with the EPR results (see section 3.4)
which showed the formation of a Cu–N4 coordination
of Cu(II) with G4S internal amino groups at the lowest
Cu(II) concentrations. After saturation of the Cu–N4
coordination, the external sulfate groups also engaged
in forming complexes (Cu–N3O, Cu–N2O2, Cu–NO3,
and, finally, Cu–O4 coordinations), and Cu(II) easily
neutralized the negative charge of the dendrimer and
accumulated at the dendrimer external/internal surface,
partially provoking salt separation. At the higher
concentrations, Cu(II) was confined externally to the
dendrimer.
3.2 CD measurements to evaluate the secondary
structure modifications of Aβ 1‐40
Secondary structure organization provides information
on the formation of Aβ 1‐40 aggregates. An analysis
of the changes in Aβ 1‐40 secondary structure upon
addition of glycodendrimer G4S and Cu(NO3)2∙3H2O
was carried out by means of CD measurements. The
changes in Aβ 1‐40 secondary structure under the
influence of the glycodendrimer and Cu(NO3)2∙3H2O
are presented in Figs. 3 and 4.
Measurements performed by adding increasing
concentrations of the glycodendrimer G4S revealed
small changes in both the α‐helix and β‐sheet content,
with a slight increase of β‐sheet and other structures
at the expense of α‐helix between 2.5 and 5 μM of G4S
(e.g. a 6% β‐sheet content increase at a concentration
of 7.5 μM added to Aβ 1‐40 at a concentration of
15 μM) (Fig. 3(a)). The greatest changes in the Aβ 1‐40
secondary structure were observed in the presence of
Cu(II) (Fig. 3(b)) even at low titration concentrations
(e.g. 0.02 μM). At concentrations higher than 10 μM,
the α‐helix conformation was almost completely absent.
However, co‐administration of glycodendrimer with
Cu(NO3)2∙3H2O impaired the effect of the copper ions
on the changes of the secondary structure of Aβ 1‐40
(Fig. 4).
A visual inspection of the graphs in Fig. 4 showed
that glycodendrimer G4S at a concentration of 1 μM
reduced the influence of copper ions on the secondary

Figure 3 Influence of G4S glycodendrimer (a) and Cu(NO3)2·H2O
(b) on the secondary structure of Aβ 1-40 (15 µM).

structure better than at concentrations of 0.1 or 10 μM;
however, a more in‐depth analysis of these graphs
on the basis of the effective concentrations of the
ingredients and the molar ratios clarified this strange
apparent finding.
The results show that the 0.1 μM concentration of
glycodendrimer G4S did not prevent the deleterious
Cu(II) effect on the peptide structure.
Conversely, in the presence of 1 μM of the
glycodendrimer (Fig. 4(b)), the 0.1 μM concentration
of Cu(II) (molar ratio = 10) was no more deleterious
since the percentage of α‐helix decreased only
from 63% to 50%. At a 10 μM concentration of the
glycodendrimer, the 0.1 μM concentration of Cu(II)
(corresponding to a molar ratio = 100) produced a
negligible effect on the secondary structure of the
peptide (Fig. 4(c)). In this case, to obtain 20% α‐helix,
it was necessary to add 40 μM of Cu(II). It is worth
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Figure 4 Influence of Cu(NO3)2·H2O on the secondary structure
of Aβ 1-40 (15 µM) in presence of 0.1 µM (a), 1 µM (b) and 10 µM
(c) glycodendrimer G4S. D = dendrimer.

noting that an equimolar concentration of Cu(II)
and Aβ 1‐40 (15 μM) produced an α‐helix content of
35% in the presence of 10 μM of the glycodendrimer
(Fig. 4(c)), while the α‐helix content was very poor
when the dendrimer concentration was 1 μM (Fig. 4(b))
and completely absent in the absence of the
glycodendrimer (Fig. 3(b)). As described hereafter,
the EPR analysis provided proof of this behavior
as well as further interesting information about the
change in coordination of Cu(II) in these conditions.

fluorescence change in ThT. The experiment was run
using Aβ 1‐40 at a concentration of 35 μM and mixtures
of Aβ 1‐40 with the glycodendrimer (0.01–1 μM). The
peptide concentration was higher than what was
used in the other experiments because this was the
minimum concentration that allowed us to follow the
aggregation behavior of the peptide in the absence
and presence of the glycodendrimer using fluorescence.
Unfortunately, when the highest dendrimer con‐
centration (10 μM) was used, we observed precipitation
of glycodendrimer–Aβ 1‐40 adducts. The finding
nevertheless provides proof of glycodendrimer–peptide
interactions. We therefore used a dendrimer 10 times
less concentrated and the peptide at the highest
concentration for the ThT assay. We verified that this
concentration, using a glycodendrimer 1,000 times
less concentrated, was sufficient to partially prevent
peptide aggregation. Indeed, as shown in Fig. 5, the
three different dendrimer concentrations inhibited
amyloid aggregation and decreased the intensity of
fluorescence.
It is worth highlighting that glycodendrimer G4S,
at its highest and lowest concentrations (1 and 0.01 μM,
respectively), exhibited similar behavior and had a
higher impact on aggregate formation compared to
the intermediate concentration (0.1 μM).
Regrettably, it was not possible to perform the ThT
assay in the presence of Cu(II) due to quenching
of fluorescence by the copper ions (Fig. S1 in the
Electronic Supplementary Material (ESM)). Even
0.1 μM of Cu(NO3)2∙3H2O resulted in a decrease in
fluorescence and hindered the analysis of the ThT
spectra. Therefore, we decided to replace the ThT

3.3 ThT assay and CD measurements to study the
aggregation process of Aβ 1‐40 over time
The influence of glycodendrimer G4S on the formation
of Aβ 1‐40 aggregates showed a time‐dependent

Figure 5 Influence of glycodendrimer G4S on the fluorescence
of ThT during the aggregation of Aβ 1-40.
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method with the CD measurements in order to
obtain results for the changes in Aβ 1‐40 secondary
structure upon addition of glycodendrimer G4S and
Cu(NO3)2∙3H2O. As a positive control, 0.041 mg∙mL–1
heparin was added to 15 μM Aβ 1‐40, resulting in a
variation of the peptide secondary structure; indeed,
over time, the α‐helix structure was transformed into a
β‐sheet structure characteristic of amyloid aggregates
(Fig. 6(a)).
A much stronger effect, leading almost to complete
structure disorder and acceleration of the aggregation
process, was caused by the addition of 0.2 μM of

Cu(NO3)2∙3H2O instead of heparin (Fig. 6(b)). In
contrast, the presence of 1 μM glycodendrimer G4S
slowed down the aggregation process induced by
copper ions (Fig. 6(c)). This is in good agreement with
the results obtained through ThT in the presence of
the dendrimer and heparin.
3.4

EPR characterization of Cu(II) complexes

The binary systems of reference, glycodendrimer
G4S–Cu(II) and Cu(II)–Aβ 1‐40, were analyzed by
means of the EPR technique at different concentrations
of Cu(II) (from 0.002 to 0.2 M), maintaining constant
concentrations of G4S (0.1 M in surface sites) and Aβ
1‐40 (0.02 M). Experiments were also performed by
varying the concentration of the dendrimer, then
comparing the samples with the same molar ratios
between the dendrimer and copper. These binary
systems were used as a reference to collect information
about the ternary system Cu(II)–G4S–Aβ 1‐40, in which
the concentrations of Cu(II) and Aβ 1‐40 were fixed at
0.02 M while the concentration of the glycodendrimer
was varied from 0.02 to 0.1 M in surface sites.
It is useful to note that the concentrations used for
the EPR experiments were much higher than those
used for the other experiments in this study due to
the relatively low EPR sensitivity. However, the repro‐
ducibility of the results for the same molar ratios of
the ingredients obtained by changing the absolute
concentrations supports the reliability of the analysis.
3.4.1 Glycodendrimer G4S with Cu(II)

Figure 6 CD spectra of Aβ 1-40 (red line) (15 µM ) and during
the aggregation process induced by heparin (0.041 mg·mL–1) (a),
Cu(NO3)2·3H2O (0.2 µM) used instead of heparin (b) and in the
presence of 1 µM glycodendrimer G4S and Cu(NO3)2·3H2O
(0.2 µM) used instead of heparin (c).

Figure 7(a) shows selected experimental spectra at
150 K of the Cu(II)–dendrimer solutions at different
copper concentrations in phosphate buffer (pH 7.4).
The spectra were constituted by two components
(called components 1 and 2), indicated by arrows in
Fig. 7(a), that clearly changed their relative intensities
with increasing Cu(II) concentration. A third com‐
ponent (component 3) also appeared at the highest
Cu(II) concentrations (results not shown). By subtracting
one spectrum from another, each spectral component
was extracted, relatively quantified (by calculating
the relative percentages), and its simulation performed,
as shown in Figs. S2(a)–S2(c) (in the ESM) for com‐
ponents 1, 2, and 3, respectively. The computations at
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Table 1 Main parameters obtained from the analysis of the EPR
spectra of Cu(II) + glycodendrimer G4S at different
concentrations in phosphate buffer solution (pH 7.4)
[Cu(II)] [G4S]
0.3

0.1

gyy

gzz

Azz (G) τ (ns)

100

2.06

2.065

2.388

125

0.05

100

2.06

2.065

2.388

125

0.05

0.1

20

2.016

2.045

2.255

169

7.4

80

2.04

2.04

2.3

141

2.5

45

2.016

2.045

2.255

169

7.4

55

2.04

2.04

2.3

141

2.5

0.02

60

2.016

2.045

2.255

169

7.4

40

2.04

2.04

2.3

141

2.5

0.01

80

2.015

2.045

2.24

178

8.3

20

2.04

2.04

2.3

141

2.5

0.005

100

2.015

2.045

2.24

178

8.3

0.002

100

2.015

2.045

2.24

178

8.3

80

2.015

2.045

2.24

178

8.3

20

2.04

2.04

2.3

141

2.5

45

2.016

2.045

2.255

169

7.4

55

2.04

2.04

2.3

141

2.5

20

2.016

2.045

2.255

169

7.4

80

2.04

2.04

2.3

141

2.5

0.02
0.02
0.02

both room and low temperature allowed us to obtain
the magnetic and mobility parameters reported in
Table 1, along with the relative percentages of the
components.
The magnetic parameters reported in Table 1
served to identify the types of coordination of copper
ions with the glycodendrimer G4S, and allowed for
comparison with values reported in the literature for
similar systems [42, 44–46, 90–92]. These parameters,
as well the relative percentages of the spectral com‐
ponents, allowed us to obtain the following information:
• The spectra were characteristic of square planar
(or octahedral, axially elongated) complexes for
which gxx ≅ gyy < gzz.
• The magnetic parameters of component 1 indicated
a coordination of Cu–NO3 (one nitrogenous site

gxx

0.2

0.04

Figure 7 (a) Selected experimental EPR spectra at 150 K of the
glycodendrimer G4S (0.1 M in surface groups)–Cu(II) at different
concentrations in phosphate buffer solution; (b) variation of
the relative percentage of component 2 as a function of the
dendrimer/Cu(II) molar ratio.

%

0.2
0.05
0.02

and three oxygenated sites), while the magnetic
parameters of component 2 indicated a coordination
of Cu–N2O2 which transformed into Cu–N3O and
Cu–N4 at the lowest concentrations of Cu(II).
• Component 2 increased in relative percentage
with respect to component 1 by increasing the
dendrimer/Cu(II) molar ratio, i.e., decreasing the
Cu(II) concentration (Fig. 7(b)). This indicates that
a low amount of copper ions occupied the coor‐
dination sites rich in nitrogenous groups (in the
dendrimer interior). After saturation of these sites,
which occurred at a molar ratio of ~20, additional
ions occupied coordination sites richer in oxygenated
groups (sulfate groups initially, then, after their
saturation, solvent molecules located toward the
outer zones of the glycodendrimer G4S).
• It should be noted that the total intensity of the
Cu(II) spectra did not increase linearly with an
increase in copper concentration. At high concen‐
trations of ions, the spectra were low in intensity
since the saturation also corresponded to a
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neutralization of the negatively charged sulfate
groups, and the Cu(II)–dendrimer complexes in
part separated (precipitated) as a salt. Moreover,
once copper ions had saturated the sites enabling
the dendrimer to interact, they started occupying
neighboring sites of interaction on the surface of
the dendrimer. The proximity of the ions favored
strong spin–spin interactions among them, leading
to the disappearance of the EPR signal. When the
Cu(II) concentration was decreased to a molar ratio
of dendrimer/Cu(II) ≥ 20, only component 2 was
visible in the spectra. As shown in Table 1, com‐
ponent 2 became modified, indicating a further
enrichment in coordinated nitrogen sites (from
Cu–N2O2 to Cu–N3O and Cu–N4).
In the previously discussed assessments, com‐
ponent 3 was not considered. Component 3 appeared
and increased in relative intensity when the con‐
centration of copper ions exceeded that of the nitrogen
sites of the dendrimer. The magnetic parameters of
component 3 indicated Cu(II) coordination with 4
oxygenated groups (Cu–O4), which may be sulfate
groups and/or solvent molecules.
As shown in Table 1, The Cu–O4 EPR signal for
component 3 differed from the other two signals in
terms of: i) a higher magnetic parameter gii and a
lower Aii; ii) an increase in spectral intensity; and



iii) a significant increase in mobility at room tem‐
perature (low τ value in Table 1). Indeed, in con‐
trast to component 3, components 1 and 2 showed
small changes in mobility with the increase in
temperature from 150 to 298 K. This indicates that
the Cu(II) ions giving rise to components 1 and 2
were trapped in the compact, inflexible dendrimer
structure.
The spectra in water (results not shown) were
similar to those in buffer, but they showed a Cu‐O4
component at Cu(II) concentrations as low as 0.05 M.
This was due to partial protonation of the nitrogen
sites of the dendrimer at a natural pH.

3.4.2 Aβ 1‐40 complexes with Cu(II) in the absence and
presence of G4S
For the binary system Cu(II)–Aβ 1‐40, there were two
spectral components. Figure S3 (in the ESM) shows
the experimental components, termed I and II, which
were obtained using a subtraction procedure of one
spectra from the other, and their computations. The
components were identified by the parameters from
the computation reported in Table 2 and from previous
literature [93–96]. The coordination of Cu(II) for com‐
ponent I is: NH2 (D1), CO (D1‐A2), Nim (H6), Nim
(H13 or H14) and NH2 (D1), N‐(D1‐A2), CO (A2‐E3),
Nim for component II.

Table 2 Main parameters obtained from the analysis of the spectra of Cu(II) 0.02 M + Aβ 1-40 0.02 M in the absence and presence of
glycodendrimer G4S at different concentrations in phosphate buffer solution (pH 7.4) and in water
Sample (+ Aβ 1-40 0.02 M)

%

gxx

gyy

gzz

Azz (G)

 (ns)

Cu(II) 0.1 M

100

2.065

2.065

2.4

121

0.02

Cu(II) 0.04 M

100

2.065

2.065

2.4

121

0.02

Cu(II) 0.02 M

60

2.013

2.03

2.27

170

5

40

2.04

2.04

2.23

159

4

55

2.013

2.03

2.27

170

5

45

2.04

2.04

2.23

159

4

65

2.013

2.03

2.27

170

5

35

2.04

2.04

2.23

159

4

Cu(II) 0.01 M
Cu(II) 0.002 M
Cu(II) 0.02 M + G4S 0.1 M

Not recordable EPR spectrum

Cu(II) 0.02 M + G4S 0.05 M

Not recordable EPR spectrum

Cu(II) 0.02 M + G4S 0.02 M
Cu(II) 0.02 M + G4S 0.1 M (Water)

60

2.013

2.03

2.27

170

5

40

2.04

2.04

2.23

159

4

100

2.01

2.04

2.242

177

15
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By varying the Aβ 1‐40/Cu(II) molar ratio, the relative
amounts of the two components changed negligibly,
with component 1 remaining as the majority com‐
ponent. This implied a tighter coordination with
imidazole groups. We must note that the spectra in
buffer showed quite a low intensity due to the partial
reduction of Cu(II) to Cu(I) [97]. Conversely, the
spectra in water showed a high intensity; however, at
a 1:1 molar ratio between Cu(II) and Aβ 1‐40, the EPR
spectra already contained a large relative percentage of
signal arising from a Cu–O4 coordination that indicated
partial protonation of the nitrogen coordinating sites
of the peptide.
The addition of glycodendrimer G4S at concentrations
≤ 0.02 M to the buffer solution containing Cu(II) and
Aβ 1‐40 (molar ratio = 1, with concentrations of 0.02 M)
did not vary the EPR spectrum (Table 2). This indicated
that the glycodendrimer at this concentration was
unable to disrupt the Cu(II)–Aβ 1‐40 complex.
Surprisingly, at concentrations of G4S greater than
0.02 M, the EPR signal disappeared, likely due to
strong spin–spin interactions. This did not occur in
the binary systems. Thus, the reasons for the decrease
in intensity were related to the effect of the three
ingredients (copper, peptide and glycodendrimer) in
conjunction with one another. If the glycodendrimer
was capable of extracting the copper ions from the
peptide to bind them, it should avoid spin–spin
interactions and still show the spectrum described for
the system Cu(II)–G4S. However, this spectrum was not
present. According to the data obtained from the ThT
assay and CD measurements, the glycodendrimer–Aβ
1‐40 interaction prevailed, but EPR revealed that this
interaction perturbed the Cu(II)–peptide complex until
an equimolar amount of glycodendrimer (in surface
sites) was added. At this point, Cu(II) followed the
fate of the glycodendrimer–peptide adduct. The ions
were trapped into the adducts and underwent strong
spin–spin interactions. Complete reduction of Cu(II)
to Cu(I) can be excluded since further addition of the
copper–peptide complex restored the expected spectral
intensity for the system. As well, no salt precipitation
was evident in the solution.
It is interesting to note that, when buffer was
replaced by water, the EPR spectrum reappeared. On
the basis of the computation parameters (Table 2),

this was clearly ascribed to the complexation of Cu(II)
with nitrogen sites into the glycodendrimer at a
low mobility. This means that the phosphate buffer
favored the dendrimer–peptide interactions and the
ions got trapped in a restricted space at the interface,
where strong spin–spin interactions prevailed. This
occurred via a protonation–deprotonation reaction.
The peptide groups at this concentration (0.02 M) were
partially protonated in water, as previously shown, but
were deprotonated in buffer, thus favoring interactions
with the glycodendrimer and the ions.
3.4.3

Kinetics of fibril formation as determined by EPR

Further EPR experiments were performed in parallel
with the CD kinetics study in order to follow the
kinetics of the interaction/complexation and eventual
formation of amyloid fibrils in the absence and presence
of the glycodendrimer G4S at different concentrations
(in surface groups). Due to the sensitivity of the EPR
technique, the concentrations of the ingredients were
scaled up with respect to the CD experiments.
We selected a concentration of Aβ 1‐40 of 3 mM
and concentrations of the dendrimer of 0.02, 0.2, and
2 mM. The 2 mM concentration was just below the
1:1 glycodendrimer G4S:amyloid molar ratio that
led to the disappearance of the Cu(II)–Aβ signal,
as described above. Also, several experiments were
performed using Cu(II) concentrations ranging from
2 to 40 mM. The main parameters reporting the kinetics
of fibril formation in the absence of glycodendrimer
G4S and the effect of the various glycodendrimer
G4S concentrations were:
i) the total spectral intensity; and ii) the relative
amount of the spectral component due to the Cu(II)–
Aβ 1‐40 complex. Figure 8 shows, as examples, the
variations of the total spectral intensity (a) and the
relative intensity of the Cu(II)–Aβ 1‐40 complex (b) as
a function of time for [Cu(II)] = 10 mM at glycoden‐
drimer concentrations of 0.02, 0.2, and 2 mM (Aβ 1‐40
at 3 mM).
The lower Cu(II) concentrations produced a similar
but weaker effect, while the higher Cu(II) concen‐
trations significantly reduced the differences among
the samples, mainly in the relative intensity of
Cu(II)–Aβ 1‐40.
In the absence of the glycodendrimer G4S, the total
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intensity (as a percentage, assuming 100% as the
highest intensity) was initially high, but decreased
within the first 5 min, in line with the formation
of fibrillar aggregates induced by Cu(II). In these
aggregates, the Cu(II) ions were trapped inside the
fibrils and strong spin‐spin interactions provoked
the disappearance of the EPR signal. Interestingly,
the relative intensity of the Cu(II)–Aβ 1‐40 complex
increased within the first 5 min, also indicating
improved coordination due to the formation of fibrils.
The glycodendrimer at the highest concentration
(2 mM) solubilized the Cu(II) (depicted by high total
intensity in Fig. 8(a)) that went onto the dendrimer
surface. Consequently, the Cu(II)–Aβ 1‐40 complex
decreased in visibility (depicted by low relative inten‐
sity in Fig. 8(b)), though it remained distinguishable in

the spectrum. In the presence of G4S at a concentration
of 2 mM, the relative intensity of the Cu(II)–Aβ 1‐40
complex decreased within the first 5 min, indicating
its progressive destruction. This finding is supported
by the CD results.
On the contrary, the glycodendrimer at 0.2 mM
showed a decreased total spectral intensity (Fig. 8(a))
since the copper ions were likely thick along the
glycodendrimer/Aβ 1‐40 interface and strong spin–spin
interactions were occurring. Conversely, the relative
intensity of the Cu(II)–Aβ 1‐40 complex was quite
high and further increased during the first 5–10 min.
This indicated that a fraction of peptides still
produced fibrils under these experimental conditions.
In agreement with the CD results, the glycodendrimer
at the lowest concentration (0.02 mM) showed better
behavior than at 0.2 mM in respect to avoiding
fibril formation, since the trapping of Cu(II) at the
glycodendrimer/Aβ 1‐40 interface was high (depicted
by a large decrease in total intensity in Fig. 8(a)), but
the remaining relative amount of Cu(II)–Aβ 1‐40
complex was lower at 0.02 mM than at 0.2 mM of G4S.
Furthermore, the complex amount only decreased
between 8 and 15 min due to delayed destruction of
the Cu(II)–Aβ 1‐40 complex.
3.5 Biocompatibility study of Aβ 1‐40 in the absence
and presence of the glycodendrimer G4S

Figure 8 Variations of the total intensity (a) and of the relative
intensity of the Cu(II)–Aβ complex (b) as a function of time for
[Cu(II)] = 10 mM, [Aβ 1-40] = 3 mM, and [G4S] = 0.02, 0.2, and
2 mM.

During the Aβ 1‐40 (3.5 μM) aggregation experiments
triggered by Cu(II) concentrations ranging from molar
ratios of 1:0.1 to 1:30 in the absence and presence of
the glycodendrimer (0.1 and 1 μM), the products of
the process were sampled and administered in vitro
to mHippoE‐18 embryonic mouse hippocampal cells
to evaluate the cytotoxicity of the aggregates and the
dendrimers.
Cell viability was determined by using the Alamar
Blue assay, widely accepted for the analysis of cell
viability in the presence of β‐amyloids. Figure 9 shows,
as an example, the cell viability obtained for Aβ 1‐40
(3.5 μM) using a Cu(II) concentration of 0.2 μM in the
absence and presence of G4S (0.1 and 1 μM). The data
clearly indicate that the oligomers formed during the
first minutes of aggregation were more toxic than
fully formed fibrils after 5 min. However, at this Cu(II)
concentration, the viability decreased by only ~20%.
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Figure 9 Variation of the viability of mHippoE-18 embryonic
mouse hippocampal cells for Aβ 1-40 (3.5 µM) and Cu(II) (0.2 µM)
over time in the absence (blue bars) and presence of glycodendrimer
G4S (red and green bars for 0.1 and 1 µM, respectively), estimated
with the use of Alamar Blue assay (*p < 0.01).

Moreover, the addition of 1 μM of glycodendrimer
was able to improve and almost totally recover cell
viability, demonstrating both the non‐toxicity of the
glycodendrimer and its ability to interact with Aβ
1‐40, thus avoiding fibril formation. Variations in Cu(II)
concentrations at equimolar concentrations with the
glycodendrimer G4S produced negligible effects.
3.6

as has been demonstrated in previous computational
studies [73–75]. Structural conformational properties
and stability were checked by monitoring the time
evolution of the secondary structure (SS), radius of
gyration (RG) and root‐mean‐square deviation. The
data indicate that reasonable stability was reached in
all cases in the last 40 ns of the production run of the
MD simulations. Visual inspection of the peptide con‐
formational state at equilibrium is reported in Fig. 10(a)
together with secondary structure percentage data.
The simulation results revealed that Aβ 1‐40 is
composed of an α‐helix structure (20.3%) and coil
components (79.7%), which is in agreement with
published data [73]. Over the course of simulation,
L17‐A21, N27‐I31 and I32‐V36 residues adopted an
α‐helix conformation, while other peptide residues
were completely transformed into unstructured
arrangements. In the simulation of the Cu(II)–Aβ
1‐40 conformation, significant differences were found
in terms of secondary structure evolution with respect

Molecular modeling

Molecular modeling activities were aimed at describing
the mechanisms by which Cu(II) binding affects the
conformational and structural features of the Aβ 1‐40
peptide at the molecular level. Moreover, classical
and enhanced MD were employed to evaluate the
effect of the dendrimer on Aβ 1‐40 monomer–monomer
interactions by estimating both the free energy profile
and the overall conformation of Aβ 1‐40 as a dimer in
the presence of Cu(II) ions.
3.6.1 Aβ 1‐40 monomer conformational properties
The conformational properties of the Aβ 1‐40 monomer
were analyzed in three different conditions: i) in a
water environment; ii) in the presence of a Cu(II) ion;
and iii) in the presence of a Cu(II) ion and the
glycodendrimer G4S. The MD trajectory of each
molecular system was analyzed as a time‐average at
equilibrium in order to explore the conformational
dynamics of the peptide for a 100 ns MD simulation.
Use of such a short time‐scale is sufficient for
elucidating the structural features of these peptides,

Figure 10 Visual inspection of Aβ 1-40 monomer (indicated
as Aβm) conformational state at the equilibrium: (a) in water
environment; (b) in the presence of a Cu(II) ion; and (c) in the
presence of a Cu(II) ion and the glycodendrimer G4S.
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to Aβ 1‐40 conformational dynamics in a solution
environment (Fig. 10(b)). A notable increase in the
amount of β‐sheet structure (21.8%) was observed
(residues Q15‐F20, G25‐G29 and L34‐V39), highlighting
the effect of Cu(II) ions in promoting the formation of
fibrillar aggregates. During β‐sheet formation, Cu(II)
was coordinated with the peptide N‐terminal region,
as previously found [73, 76]. Specifically, the Cu(II)
ion interacted with the negatively charged amino
acids D1, D7, and E11, and formed a salt bridge with
H6, also in line with previous studies [98, 99].
Analysis of the Cu(II)–glycodendrimer–Aβ 1‐40
simulation showed that Aβ 1‐40 interacted with the
glycodendrimer G4S and, at the same time, coordinated
the Cu(II) ion. However, the analysis of the Aβ 1‐40
secondary structure in the presence of both Cu(II)
and glycodendrimer G4S revealed that, despite the
presence of Cu(II), the glycodendrimer was able to
stabilize the Aβ 1‐40 α‐helix structure, preventing the
β‐sheet formation observed during simulation of
Cu(II)–Aβ 1‐40 (Fig. 10(c)). At the end of the MD
simulation, Aβ 1‐40 was composed of α‐helix structure
(26.4%) and other unstructured components (73.6%).

monomer–monomer detachment pathway (Fig. 11) with
the aim of investigating the differences in free energy.
These results indicate that the presence of a Cu(II)
ion drove the Nter–Nter interaction between the
Aβ 1‐40 monomers (Fig. 11(b)). This interaction was
experimentally found to play a substantial role in Aβ
1‐40 dimerization [100]. On the other hand, the
glycodendrimer attracted the N‐terminal tail of the
Aβ 1‐40 peptide (Fig. 11(c)) impairing the Nter–Nter
interaction observed during the simulation of Cu–Aβd.
As a consequence, the peptide–peptide binding affinity
decreased, as shown in Fig. S4 (in the ESM).
In summary, the molecular modeling results
demonstrate that the binding of Aβ 1‐40 to Cu(II) ions
promotes a notable increase in β‐sheet conformation,
suggesting that binding of Cu(II) to Aβ 1‐40 promotes
protein aggregation. Moreover, results from enhanced
sampling revealed that the glycodendrimer G4S was
able to reduce the protein‐protein interaction free
energy, affecting the overall conformation of the Aβ
1‐40 dimer.

3.6.2 Aβ 1‐40 dimer free energy estimation and unbinding
pathway
The Aβ 1‐40 dimerization mechanism in a water
environment (Aβd) and in the presence of Cu(II) ions
(Cu–Aβd) was simulated starting from the equili‐
brated Aβ 1‐40 monomer conformations previously
analyzed. At the end of the Cu–Aβd simulation, the
glycodendrimer G4S was introduced (Cu–G4S–Aβd)
to study its effect on the Aβ 1‐40 dimer structure. The
umbrella sampling procedure was employed for each
system in order to investigate the free energy difference
characterizing the monomer–monomer free energy
profile.
The estimated free energy profile (Fig. S4 in the
ESM) was strongly influenced by the presence of
Cu(II) ions, as demonstrated by an enhanced binding
affinity (60 ± 3 kJ∙mol–1) when compared to Aβ 1‐40
dimer in a water environment (38 ± 2.5 kJ∙mol–1). On
the contrary, the presence of the dendrimer induced a
strong reduction in the monomer–monomer interaction
free energy difference (31 ± 1 kJ∙mol–1). The MD trajectory
of each umbrella window allowed the analysis of the

Figure 11 Visual inspection of the monomer–monomer
detachment pathway from MD simulation: Aβd (a), Cu–Aβd (b),
Cu–G4S–Aβd (c).
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Conclusions

The fibrillation of the amyloid peptide Aβ 1‐40 induced
by Cu(II) ions was largely avoided by adding a
specifically designed dendrimer, i.e., the 4th generation
poly(propyleneimine) glycodendrimer G4S, fully
decorated with maltose units and partially func‐
tionalized with sulfate groups (termed G4S). The
fibrillation mechanism was modulated differently
by different concentrations of the components. A
multidisciplinary approach using DLS, CD, fluorescence,
EPR and in‐silico molecular modeling allowed for the
achievement of the final goal of clarifying the role of
Cu(II) ions in the pathology of Alzheimer’s, and in
demonstrating a possible use for this special type of
glycodendrimer in the treatment of the disease. The
partial toxicity of Aβ 1‐40 aggregates (mainly in the
oligomeric form), and the non‐toxicity of the
glycodendrimer and its effect in reducing peptide
aggregates’ toxicity was demonstrated at the nerve
level using mHippoE‐18 embryonic mouse hippo‐
campal cells. To better understand the effect of Cu(II)
and the glycodendrimer G4S on Aβ 1‐40 aggregation,
the binary systems were studied. For the Cu(II)–
glycodendrimer G4S binary system, it was found that
Cu(II) increased the zeta potential of the glycodendrimer
starting at the lowest Cu(II) concentrations, when a
Cu–N4 coordination was formed, as verified by EPR.
By increasing the Cu(II)/dendrimer molar ratio, other
coordinations, including the nitrogen sites (amino
groups) of the glycodendrimers and the sulfate groups,
were formed until saturation of the dendrimer
interacting sites forced the ions to coordinate with
water molecules. In the mixed amino + sulfate Cu(II)
coordination, the system is much more sensitive
to the addition of Aβ 1‐40. As shown by CD and
molecular modeling, stable Cu(II)–peptide complexes,
responsible for the transition from the α‐helix to the
β‐sheet conformation of Aβ 1‐40 were obtained. For
the glycodendrimer–peptide binary system, the ThT
assay demonstrated that the glycodendrimer G4S
stabilized the α‐helix structure of the peptide, even in
the presence of heparin‐induced peptide aggregation.
After adding G4S to the Cu(II)–peptide complexes,
the glycodendrimer–peptide interactions provoked the
stabilization of the α‐helix structure, as demonstrated

by the CD measurements and the MD simulations.
CD and EPR analyses showed a formation of fibrils
within approximately 5 min in the absence of
glycodendrimer G4S. The ternary interaction profile
was differently modulated by different glycodendrimer
and Cu(II) concentrations for a fixed amount of Aβ
1‐40, showing a better anti‐fibrillation action for high
(approximately equimolar with Cu(II)) and low (~100
times lower) G4S amounts with respect to intermediate
concentrations. EPR and MD studies indicated that
the Cu(II)–peptide interaction was maintained even
after the addition of G4S, which interacted with the
peptide, taking the ions at the interface and preventing
formation of the β‐sheet conformation. Therefore, the
combined results of CD, fluorescence, EPR, and MD
simulation analysis of these systems allowed us to
understand the best experimental conditions by
which to avoid fibril formation and to promote an
α‐helix structure or a stable Cu(II)–glycodendrimer
complex. The Cu(II)–peptide binding formed very
stable complexes, first forming oligomeric structures
and then fibrils, in which the β‐sheet conformation
was stabilized.
Fibril formation is the result of specific interactions
of Aβ 1‐40 monomers with each other and with
Cu(II) ions; the glycodendrimer G4S perturbs these
interactions, mainly binding the amyloid peptide
and complexing the ions at the dendrimer/peptide
interface.
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Figure S1 Influence of copper ion concentration (increase in the direction of the arrow) on the fluorescence of ThT.
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Figure S2 Experimental (black) and simulated (red) spectral components 1 (a), 2 (b) and 3 (c) obtained by subtracting the spectra
of Cu(II) at different concentrations in phosphate buffer solution (pH 7.4) containing glycodendrimer G4S (0.1 M in surface groups).
T = 150 K.

Figure S3 Experimental components 1 and 2 obtained by a subtraction procedure of the spectra of the binary system Cu(II)–Aβ 1-40.
In red the simulations.
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Figure S4 (a) Monomer–monomer free energy profiles in case of Aβ 1-40 dimer in water environment, Aβ 1-40 dimer in presence of Cu(II)
ions and Aβ 1-40 dimer in presence of Cu(II) ions and glycodendrimer G4S. (b) Free energy difference between the monomer–monomer
bound and unbound state. Standard errors calculated by the standard bootstrap strategy are also reported.
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