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Polymeric Nanozyme with SOD Activity Capable of
Inhibiting Self- and Metal-Induced a-Synuclein Aggregation

Alvaro Martinez-Camarena,*®® <% Francesco Bellia,” M. Paz Clares,™ Graziella Vecchio,

Julien Nicolas,*™ and Enrique Garcia-Espafia*®

Despite decades of research, Parkinson’s disease is still an
idiopathic pathology for which no cure has yet been found.
This is partly explained by the multifactorial character of most
neurodegenerative syndromes, whose generation involves
multiple pathogenic factors. In Parkinson’s disease, two of the
most important ones are the aggregation of a-synuclein and
oxidative stress. In this work, we address both issues by
synthesizing a multifunctional nanozyme based on grafting a

Introduction

Neurodegenerative diseases are one of the major health challenges
that modern societies face nowadays, with Parkinson’s disease (PD)
being one of the most ubiquitous ones. According to the World
Health Organization, PD affected nearly 8.5 million individuals in
2019, 329 000 of whom perished from this illness.” The tendency
seems to be towards worsening the situation impelled by factors
such as the increasing population ageing.? The prevalence of PD
has indeed doubled since 1990°% while both disability and
mortality resulting from PD are increasing faster than from any
other neurological disorder, including Alzheimer’s disease.!*”
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pyridinophane ligand that can strongly coordinate Cu", onto
biodegradable PEGylated polyester nanoparticles. The resulting
nanozyme exhibits remarkable superoxide dismutase activity
together with the ability to inhibit the self-induced aggregation
of a-synuclein into amyloid-type fibrils. Furthermore, the
combination of the chelator and the polymer produces a
cooperative effect whereby the resulting nanozyme can also
halve Cu'-induced o-synuclein aggregation.

From a pathological point of view, PD is a debilitating neuro-
degenerative disorder characterized by the progressive degener-
ation of dopaminergic neurons in the substantia nigra, leading to a
range of motor symptoms (shaking of extremities, rigidity, limited
mobility) and non-motor complications (neurological and psychi-
atric issue, sleep-wake disorders, depression, pain and sensory
disturbances such as anosmia).*®' Despite decades of research, PD is
still an idiopathic disease for which no cure has yet been found.*%”
Notwithstanding this, multiple studies have suggested that oxida-
tive stress and peptide aggregation may play important roles in the
generation and progression of PD.>*'?

Oxidative stress can be defined as the imbalance between the
production of reactive oxygen species (ROS) and the ability of the
endogenous antioxidant systems of the organism to scavenge
them.”® Thus, the pathogenic character of these species does not
lie in ROS themselves, but in their accumulation, which can lead to
oxidative damage to lipids, proteins, DNA and RNA" On the other
hand, peptide aggregation is a complex process in which normally
soluble proteins (mainly intrinsically disordered proteins, IDPs)
misfold and aggregate into insoluble, toxic structures such as
amyloid fibrils.*' In PD, aggregation of a-synuclein (Syn) leads to
the formation of Lewy bodies."”

A subjacent factor in both oxidative stress and peptide
aggregation is the misregulation of redox-active first-row transition
metals such as Cu" and Fe'. On the one hand, these metal ions can
be coordinated by the monodisperse peptides thus prompting its
aggregation and, on the other hand, the resulting systems can work
as ROS sources due to the Fenton and Haber-Weiss chemistry of
the resulting metal complexes!"™'® Moreover, oxidative stress can
also result in protein misfolding and aggregation, accelerating the
degeneration process.”*'" Thus, it is clear that oxidative stress and
peptide aggregation are interrelated events in the pathogenesis of
PD. Consequently, some of the strategies currently being pursued
to address the emergence of PD rely on the development of
antioxidant systems able to prevent the accumulation of ROS or to
inhibit the formation of a-synuclein aggregates."¥

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Considering the major role of superoxide radicals in ROS
generation,"” research on antioxidant systems has centered on the
development of small ionophores whose Cu"["&% Fe! '8 " 182627
and Zn"*® complexes present superoxide dismutase (SOD) activity.
Although very few such systems have yet displayed satisfactory
clinical results,”**” the use of tetraazamacrocycles and nanotechnol-
ogy are two of the emerging promising approaches to tackle
neurodegenerative diseases involving oxidative stress2*2*3'34 |n
this context, we have recently observed that the modification of
non-toxic boehmite nanoparticles (BNPs) with binuclear Cu"
azamacrocycles can significantly enhance the SOD activity of such
complexes.Z*'*33 Byt there is little point in eliminating ROS
without disrupting the source that generates them, which are the
a-synuclein peptide aggregates in the case of PD. To our knowl-
edge, although various approaches aimed at inhibiting the
formation of peptide aggregates have been studied so far,**> very
few of them have shown satisfactory, dual inhibitory/antioxidant
activity."****3 One reason for this is that these two pathogenic
aspects of PD have largely been treated as separate events, with
research generally based on the development of systems only
focusing on one of them. This is partly due to the difficulty of
generating systems with sufficiently high dual activity (antioxidant
and aggregation inhibitory) without interfering between the two.

To overcome this handicap, we developed a dual activity
nanoscale system capable of both removing reactive oxygen
species and inhibiting the formation of a-synuclein aggregates as
sources of ROS. In other words, we set out to create a multitasking
therapeutic tool that moves from the “one-molecule, one-target”
paradigm to the “one-molecule, one-disease” one. The novel
approach we present is based on the design of a multifunctional
nanozyme composed of biocompatible and biodegradable polymer
nanoparticles (NPs) functionalized with a well-known SOD mimic
(Figure 1) The designed NPs are based on poly(lactic acid)-block-
poly(ethylene glycol) (PLA-b-PEG,;-CH,COOH) diblock copolymers,
in which the PLA block constitutes the hydrophobic core of the
NPs, while the hydrophilic PEG block forms the shell®” The COOH
end-group of the PEG block enables the conjugation with the SOD
mimic, resulting in NPs with surface-exposed SOD units, forming
the so-called nanozymes. The PLA-b-PEG,;-CH,COOH NPs were
chosen due to their biocompatibility, biodegradability, low toxicity
and high colloidal stability in water, as well as to their proven
capacity to interact with peptides and IDPs such as amyloid-beta
(AB,42).#* 5-(2-Aminoethyl)-2,5,8-triaza[9]-2,6-pyridinophane (L)*”
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was selected as SOD mimic due to the proven antioxidant activity
of its Cu" complexes, as well as the potential lack of detrimental
effect of its coupling to the copolymer on the Cu' coordination
mode. Grafting the SOD mimic onto the copolymer not only aims
to combine the antioxidant and the antiaggregant activities into a
single nanoscale system, but also to boost the SOD activity of the
Cu'-L complex, as previously observed with similar ligands.*"*® In
order to evaluate the influence of L density on the surface of the
nanoparticles, the nanozymes were prepared with different L
payloads. Thus, the antioxidant and Syn aggregation inhibitory
activity of the nanozymes was evaluated as a function of the
concentration of L on their surface.

Results and Discussion

Synthesis of 5-(2-Aminoethyl)-2,5,8-Triaza[9]-2,6-
Pyridinophane-3HBr (L-3HBr)

5-(2-Aminoethyl)-2,5,8-triaza[9]-2,6-pyridinophane-4HBr (L-4HBr) was
synthesized following a modification of the Richman-Atkins
procedure, followed by subsequent detosylation using HBr/HAc in
the presence of phenol”” The obtained hydrobromide salt of the
compound was characterized by NMR and elemental microanalysis
(see Figure S1). The NMR spectrum indicated the desired structure.
In particular, the triplet and the doublet located at 8.06 and
7.57 ppm, respectively, are characteristic of the € and { protons of
the pyridine moiety. The singlet of the benzylic protons (n) is
located at 4.30 ppm, partially overlapping with the proton signal
from H,O used as a solvent. Finally, a series of three multiplets
characteristic of the aliphatic hydrogens can be observed between
3.5 and 29 ppm, which are associated with the 6, 1, ¥ and p
hydrogens of L. On the other hand, elemental microanalysis
revealed percentages of C, H and N compatible with the
tetraprotonated (L-4HBr) form of L.

Synthesis of PLA-b-PEG;,-CH,COOH

The PLA-b-PEG,-CH,COOH diblock copolymer was synthesized by
ring-opening polymerization of D,L-lactide in presence of HO-PEG;,-
CH,COOH as the initiator, and was characterized by 'H-NMR and
SEC (Figures 52-S4 in ES)).* The 'H-NMR spectrum (Figures S2 and
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Figure 1. (A) Structure of the PLA-b-PEG;-CH,CON—L polymer and (B) representation of the nanozymes based on polymeric nanoparticl.
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S4A) proved the fulfilment of the copolymerization, which is
confirmed by the presence of the PLA protons at 1.60 (3 H) and 5.2
(1 H) ppm. Integrations of the 7 signal (2 H) of D,L-lactide at 5.0-
5.1 ppm and the B signal (2 H) of PLA at 5.1-5.2 ppm (see Figure S2
in ESI) allowed us to determine a conversion of 95%. Successful
purification was evidenced by the absence of DL-lactide proton
signals 1 and ¢ (see Figure S3 in ESI). The M, of PLA-b-PEGs-
CH,COOH diblock copolymer was calculated by comparing the
peak area of the o protons of the PEG block with that
corresponding to the B protons of the PLA block, giving M,=26
850 gmol™". Dispersity (D) was measured by SEC in CHCl, and gave
M,/M,=150 (Figure S4B). Interestingly, no signal is observed on
the SEC chromatogram under UV detection (Figure S4B), which
allows us to consider the detection of the ligand after coupling to
the copolymer.

Synthesis of PLA-b-PEG;,-CH,CON-L

Conjugation of L to PLA-b-PEG,;-CH,COOH was carried out by
Steglich esterification and was assessed by 'H-NMR and SEC. The
analysis of the '"H-NMR spectrum of the purified copolymer revealed
the presence of L, suggested by the aliphatic 6 signals and the
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Figure 2. 'H-NMR spectra in DMSO-d; of the purified PLA-b-PEG,-CH,COOH
diblock copolymer before (green) and after (red) conjugation of L.

characteristic € and { peaks of the pyridine moiety at 7.75 and
7.22 ppm, respectively (Figure 2). Nevertheless, direct evaluation of
the covalent linkage with the terminal carboxylic acid group of the
PEG block was not possible because of the overlay of many signals
in the characteristic region of the NMR spectrum.

Successful coupling of L to PLA-b-PEG,,-CH,COOH was con-
firmed by SEC, which exhibited a strong UV absorbance at 260 nm
(to follow the pyridine absorbance band) that overlapped perfectly
with the RI trace of the copolymer (Figure 3A). This suggested a
homogeneous coupling of L on the entire molar mass distribution
of the copolymer. In contrast, the non-functionalized PLA-b-PEG;-
CH,COOH copolymer showed no UV signal (Figure 3B). It is also
important to note that coupling of L to the copolymer (and the
purification of the resulting conjugate) did not lead to significant
modification of its macromolecular characteristics, since the Rl
chromatograms for both PLA-b-PEG-CH,COOH and PLA-b-PEGg,-
CH,CON-L were nearly perfectly overlaid (Figure 3C). From SEC, the
PLA-b-PEGg,-CH,CON-L exhibited a dispersity of 1.68.

Purification of PLA-b-PEGg-CH,CON-L removed all unreacted L.
As shown in Figure S5, SEC performed in DMSO (since L is not
soluble in CHCl;) of a physical mixture of PLA-b-PEGg-CH,CON-L
and free L (1 eq) showed sharp peaks at 12.7-12.8 min on the RI
and UV chromatograms (in DMSO), which correspond to free L.
However, these peaks were not present on the SEC chromatograms
of PLA-b-PEG,-CH,CON-L alone. This suggests that all the observed
L in the 'H-NMR spectrum of PLA-b-PEGy-CH,CON-L was con-
jugated to the copolymer.

Formulation of L-Functionalized Nanoparticles

NPs with different surface densities in L were obtained by
conanoprecipitation®*®¥ of PLA-COOMe and a mixture of PLA-b-
PEG;,-CH,CON-L/PLA-b-PEG-CH,COOH (with a weight fraction
of PLA-b-PEG,-CH,CON-L ranging from 0 to 60 wt.% in the
copolymer content).

At an overall concentration of 10 mgmL™ in water, the
resulting NPs exhibited mean diameters in the ~130-230 nm
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Figure 3. (A) SEC chromatograms of PLA-b-PEG,-CH,CON-L under Rl (orange) and UV (green) detections. (B) Comparison of the UV signal of the
chromatograms of PLA-b-PEGg,-CH,CON-L (dark green) and PLA-b-PEG,-CH,COOH (pale green). (C) Comparison of the Rl signal of the chromatograms of PLA-
b-PEG-CH,CON-L (dark orange) and PLA-b-PEG,-CH,COOH (pale orange). All the SEC analyses were performed in CDCl;. The UV was recorded at 260 nm in

all the cases.
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Table 1. Intensity-average diameters (D,), polydispersity indexes (PDI) and (-potentials of the nanoparticles after nanoprecipitation as a function of the PLA-
b-PEG,,-CH,CON-L weight fraction in the copolymers and of the presence of Cu (1:1 Cu'":.L).

Amount of PLA-b-PEG,-CH,CON—L Dz £SD (mV) PDI£+SD (mV) {-pot+SD (mV)

in the copolymer fraction (wt.%) without Cu" with Cu" without Cu" with Cu" without Cu" with Cu"

0 151+£1 - 0.13+0.01 - —34+1 -

20 127+£7 127+4 0.10+0.02 0.13+£0.03 —32.0+0.9 —29.54+0.8

40 176 +4 169+£3 0.34+0.07 0.31£0.03 —31.5+0.2 —28+£1

50 232+5 22341 0.28+0.03 0.29+£0.03 —30.6+04 —28.6+04

60 960 + 60 870430 0.14+0.07 0.22+0.07 —27.14+0.2 —30.9+0.7

range, with relatively narrow particle size distributions (Table 1,
Figures 4 and 5), except for the formulation containing 60 wt.%
of the conjugated copolymer, that formed particles of ca.
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Figure 4. Dynamic light scattering (DLS) data showing the intensity-distribu-
tion size of the NPs at 25°C after 27 days, as a function of the PLA-b-PEGg,-
CH,CON-L content in the copolymer mixture.
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Figure 5. Evolution of the intensity-average diameters (Dz) and polydisper-
sity indexes (PDI) of the NPs at 25°C, (A) in the absence and (B) in presence
of Cu" (1:1 Cu"L) in solution.
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800 nm in diameter. {-potential measurement of the NPs led to
strongly negative surface charge values ranging from —34 mV
for the NPs with 0 wt.% of L-containing copolymer, to —27 mV
for those with 60 wt.% (Table 1 and Figure S6). The decrease, in
absolute value, of the surface charge with the increase of the
amount of PLA-b-PEGg-CH,CON-L in the formulation can be
explained by the lower amount of carboxylic acid groups (i.e.,
negative charges) and the higher amount of protonated amino
groups from L (i.e., positive charges) exposed at the NP surface.
All NPs up to 50wt.% of PLA-b-PEG;-CH,CON-L exhibited
excellent colloidal stability upon storage for at least 27 days, as
shown by the constant average diameters with time (Figure 5).

The NPs were then evaluated for their capacity to
coordinate Cu". For this, an excess of Cu" (final concentration of
2.5 uM) was added to a solution containing the NPs ([L] ranging
from 0 to 1.7uM) at pH5. After centrifugation (20 min,
6000 rpm, 4°C), the supernatant was analyzed by ICP-MS, thus
determining the non-coordinated Cu" and, by subtraction, the
amount of Cu" coordinated to the NPs. The results are shown in
Table 2.

The results indicated that the L-functionalized NPs were
able to coordinate Cu" in an almost quantitative manner and
mainly through a Cu'-L interaction, since [Cu"] coordinated to
the NPs is almost identical to the [L]p.. The carboxylic groups
from PLA-b-PEG,-CH,COOH were only barely able to chelate
Cu" as evidenced by the low concentration of coordinated Cu"
for NPs containing no PLA-b-PEG;-CH,CON-L copolymer (Ta-
ble 2, entry 1). When the amount of PLA-b-PEG,-CH,CON-L is
60 wt.% (Table 2, entry 5), the NPs coordinated a substantially
smaller amount of Cu" than theoretically predicted (0.92 vs

Table 2. Theoretical and experimental concentrations of Cu" coordinated
to the NPs determined in Milli-Q water at pH 5, as a function of the amount
of PLA-b-PEG;-CH,CON-L in the copolymer fraction.

Concentration of Cu" coordi-
nated to NPs=+SD (uM)

Amount of PLA-b-PEG,-CH,CON—L in the
copolymer fraction (wt.%)

Theoretical Experimental
0 0 0.28+0.06
20 0.57 0.52+0.05
40 113 1.13+£0.03
50 1.41 1.49+0.02
60 1.70 0.92+0.05
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1.70 puM). This could be explained by: (i) aggregation of NPs into
bigger size aggregates and/or (ii) interactions between surface
exposed L because of their high surface density, which would in
both cases reduce the number of available surface-exposed L
receptors and thus the coordination capacity of the NPs.
Therefore, NPs with a fraction of PLA-b-PEG,,-CH,CON-L among
the copolymer content ranging from 20 to 50 wt. % represented
a good compromise as they showed a good correlation
between experimental Cu" concentrations and the theoretical
calculations.

The presence of Cu" (Cu"L; 1:1) in solution did not
significantly modify the colloidal characteristics nor the stability
of the NPs, although it led to a slight decrease in their (-
potential (Table 1, Figure S6). This can be explained by the
coordination of Cu" to L, which would increase the number of
positive charges on the surface of the NPs. The opposite trend
was observed with the NPs containing the highest amount of L-
containing copolymer, but this result should be taken with
caution due to the unstable and heterogeneous NP suspension.

Superoxide Dismutase Activity

The capacity of the different nanozymes to catalyze the
dismutation of the superoxide anions (abbreviated as SOD
activity) was determined through the McCord-Fridovich meth-
od. The xanthine/xanthine oxidase system was employed as a
source of superoxide radicals, while the reduction of nitro blue
tetrazolium salt to blue formazan was used to determine the
O, generation rate. The NBT reduction was progressively
inhibited after the addition of the solutions with increasing
concentrations of the complex. The percentage of inhibition of
the NBT reduction was used as a measure of the SOD activity of
the compounds. This method allowed us to calculate the ICg,
and k., (catalytic constant) values of the SOD mimics. The
results of the studies are shown in Figure 6, while the IC;, and
k.o values can be found in Table 3.

Several conclusions can be drawn from the analysis of the
SOD activity results. Firstly, NPs containing L-functionalized
copolymers coordinated with Cu" (the so-called nanozymes)
showed a significant SOD activity. Indeed, the k. values
determined for the L-functionalized NPs rank at the upper part
of the range when compared with other Cu" and Mn"
complexes of small ligands and nanostructured systems, whose
k... typically takes values from 0.5x10° to 60x10° M~'s~" 21222431
However, when L is not present on the surface of the NPs, they
were not able to coordinate Cu", which resulted in no SOD
activity, as shown during the blank experiments. Similarly, the
presence of L onto the NPs in the absence of Cu" did not lead
to a removal of superoxide radicals, as expected (Figure S8).

Secondly, conjugation of L to the copolymer did not reduce
the k. value of the Cu" complexes, which ranges between
2.1x10° and 2.7x10" M~ 's™', both for the complex free in
solution and grafted onto the copolymer. This suggests a
minimal influence of L conjugation to the copolymer on the
coordination mode of Cu" by L. Thirdly, increasing the amount
of PLA-b-PEG,-CH,CON-L resulted in up to a 13-fold increase in
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Figure 6. (A) Evolution of the k., values of the Cu":PLA-b-PEGg-CH,CON-L
complexes as a function of the amount of PLA-b-PEG,-CH,CON-L in the
copolymer content in the NPs. (B) Fittings of the SOD activity data obtained
by the McCord-Fridovich method for the NPs as a function of the
concentration of the amount of PLA-b-PEG,-CH,CON-L in the copolymer
content.

Table 3. Evaluation of the SOD activity of the PLA-b-PEG;,-CH,CON-L NPs
when coordinating Cu" at pH 7.4.

Compound ICso £ SD (uM) kege (10° M7 s7)
L 1.42 2.1
PLA-b-PEGg-CH,CON-L 20% 1.6+0.5 2.1
PLA-b-PEGs-CH,CON-L 40% 1.6+0.5 2.1
PLA-b-PEGg-CH,CON-L 50% 0.21+0.02 16.8
PLA-b-PEGs-CH,CON-L 60% 0.130+0.004 27.2
Cu(ClO,)," 1.1+0.1 2.7
Cuzn-SOD™ 0.01040.002 430

[a] Values taken from ref. [49]. [b] Values taken from ref. [50].
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the k., values of the complexes. This could be due to the less
negative (-potential values of the NPs containing the highest
surface densities of L, which would reduce the electrostatic
repulsion between the superoxide substrate and the NPs, as
previously observed with other nanostructured systems based
on boehmite and silica nanoparticles grafted with similar Cu'-
polyamine complexes.?'*'33

Antiaggregant Activity Towards Self- and Metal-Induced
Aggregation Assay of a-Synuclein

The pathological route of PD involves, among many other
biochemical events, the amyloid-type aggregation of Syn. This
protein, like other IDPs, for reasons as still unknown, undergoes
a significant misfolding that makes the protein more prone to
form soluble and toxic oligomers, then larger aggregates and
amyloid fibrils that, in turn, are stored in the cerebral areas.'>'¥
Importantly, such a process is accelerated by metal ions like
Cu"® Inhibiting the aggregation process of Syn is one of the
main goals to mitigate or prevent the onset of PD. Therefore,
the capacity of the nanozymes to hinder the in vitro self- and
metal-induced aggregation of Syn was tested.

All the NPs containing 0 to 50 wt.% of PLA-b-PEGg-
CH,CON-L were considered for these assays, discarding those
with 60 wt.% due to their tendency to precipitate. The
aggregation of Syn into amyloid-like fibrils was followed using
thioflavin T (ThT), a fluorescent dye capable of selectively
recognizing amyloid fibrils.**** Upon binding, ThT exhibits a
drastic increase in fluorescence, allowing the kinetics of
formation of the amyloid-like Syn aggregates to be studied in
real time (see Figure S9).°¥ The capacity of the studied nano-
zymes to inhibit the formation of the Syn aggregates was

Syn:L 1:0.01
[ Syn:L1:0.05

=

5]

=]
L

75 4
50 +

25 A

0 HEES m

NP-L NP-L NP-L NP-L
0% L 20% L 40% L 50% L

Self-induced aggregation extent (%)

Control L

Figure 7. Relative self-induced aggregation extent of Syn alone (control) or
co-incubated with L or NPs containing different amounts of PLA-b-PEGg-
CH,CON-L in the copolymer fraction (0 to 50%).

calculated as the difference between the fluorescence of the
solution at time 0 and the maximum absorbance reached (F,,,—
Fo), and was represented as aggregation extent % (Figure 7).
Since F,.—F, is proportional to the amount of Syn fibrils, the
lower F,.~F, is, the better the antiaggregant activity.*> Control
experiments with Syn alone or co-incubated with L were also
carried out.

The main observation that can be drawn from the results is
that, under the used conditions, the nanozymes are able to
almost completely inhibit Syn aggregation into amyloid-type
aggregates. Regardless of the L loading on the NPs and the Syn:
L ratio used, the fluorescence due to the ThT-sensitive amyloid
species was almost zeroed in the presence of all the nano-
zymes. Moreover, free L in solution is only capable of partially
inhibiting the aggregation of Syn. This clearly points out that
the polymer itself somehow interacts with the Syn, preventing
the formation of amyloid-type species. This is in line with
previous studies involving amyloid-beta peptides instead of
Syn, in which it was observed that the PEG chains are capable
of binding the peptide.*

Except for free L, the inhibition of aggregation by nano-
zymes does not seem to depend on the Syn:L ratio (0.01 and
0.05). In an attempt to differentiate the antiaggregant effect of
the copolymers as a function of the loading level in L of the
nanozymes, as well as to analyze the effect of a smaller ratio in
such activity, the nanozymes with 0 and 50% loading levels of L
were evaluated using an even lower Syn:L molar ratio (1:0.001).
The fluorescence gain (F,.—F,) and the time needed to reach
lag phase (t,,) are listed in Table 4. As an indication, the lower
Fna—Fo is and/or the higher t, is, the better the antiaggregant
activity.

Clear differences between L loading levels can be observed
when Syn:L ratio is reduced to 1:0.001. Under these conditions,
an increase in the L loading of the nanozymes has a positive
effect on the inhibition of the Syn aggregation. NPs with a
higher surface density in L lead to smaller fluorescence gains
(less Syn aggregated) and longer lag phase times, to the extent
that the variation in fluorescence is not detectable for NPs
containing 50% PLA-b-PEGg,-CH,CON-L in the copolymer
fraction. Moreover, the maximum fluorescence gain reached by
Syn alone (control) slightly differs from that reported in the
presence of L, while L-free NPs induce an even greater
fluorescence gain than the one shown by Syn alone. The trend
of the t,,; values is in line with these results. These observations
clearly state that not only the copolymer but also the L grafted
onto the NPs have a key role in hindering Syn self-aggregation
into amyloid-type fibrils.

Table 4. Kinetic parameters related to the self-induced aggregation of Syn alone (control) or co-incubated with L or NPs containing different amounts of
PLA-b-PEG;-CH,CON-L in the copolymer fraction (0 to 50%). The Syn:L molar ratio was 0.001.

Control L NP—L 0% NP—L 20% NP—L 40% NP—L 50%
Frnax—Fo (X10%) 247 £0,06 2.344+0.05 3.47+0.09 2.754+0.08 2.00£0.08 -
tiag (h) 1M17+4 123+3 100+2 13141 13441 >160

[a] p<0.001 vs Control. [b] p <0.05 vs Control; One-Way ANOVA followed by t-test.

Chem. Eur. J. 2024, €202401331 (6 of 8)

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

51IB01 SUOLLILIOD SAEBID 3|l ddke aU) Aq paueA0B a1 SSPILE YO 88N J0 S| 10} ARIG 1T BUIIUO A3 1M UO (SO 1IPUOD-PUR-SLLLIBLLIOY" A3 1A ARG 1[ou UO//'Sc) SUONIPUCD PU. S | aU) 885 *[1202/G0/62] U AIdIT aulIUO AB1IM (-ou| eANGe-T) aanopeay Ad TEETOVZ0Z LeUR/Z00T 0T /10p/LI0Y" |1 AReiqjpujuo-ado.ne-AnsiuaLo//sdny woiy papeojumod] 0 ‘59/€TZGT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202401331

Finally, the L-loaded nanozymes seem also to partially
inhibit metal-induced Syn aggregation. Indeed, NPs with 50%
loading levels in L reduce by half the aggregation extent of the
Syn in the presence of Cu" (see Figure 8). Moreover, the
presence of L seems to be required to inhibit the metal-induced
aggregation of Syn since 0% L-loaded NPs do not show any
antiaggregant activity. This result is consistent with previous
ICP-MS measurements, which indicated that NPs containing 0%
of L lacked the ability to capture Cu" in solution efficiently.
Finally, free L presents similar activities to those shown by the
50% L-loaded NPs, i.e. the loading of L onto the NPs preserves
the activity of the first as an inhibitor of metal-induced Syn
aggregation. This could be an important element for future
work since NPs functionalized with L have more chance to work
invivo conversely to free L, which could present higher
diffusion through the organism and a faster degradation,
among other issues.

These results are remarkable since metal-induced (partic-
ularly Cu'-induced) aggregation is a key mechanism to consider
as it is faster than the self-induced one. Therefore, the fact that
the developed nanozymes have the ability to hinder Syn
aggregation even in the presence of Cu" by altering the levels
of this metal in solution may represent an important step
forward in the development of new medicines for PD.

Conclusions

In this article, we proved that combining a pyridinophane-type
ligand with polymer NPs is a promising strategy for designing
multifunctional nanozymes. On the one hand, the pyridino-
phane ligand can capture free Cu" in solution giving rise to
complexes with SOD activity and, consequently, being able to
reduce oxidative stress. On the other hand, the nanozymes
resulting from grafting the pyridinophane ligand on the PLA-b-
PEG;,-CH,COOH NPs are able to reduce self-induced Syn
aggregation in a semi-quantitative manner in the absence of
Cu". More importantly, the combination of the chelator with the
copolymer generates a cooperative system in which the nano-

g 125
€
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£ 100 |
s

S

E" 75 4
&0

& 50
-

o)

3

E 25 A
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s 0 .

NP-L(0%L) NP-L(50% L)

Control L
(Syn + Cu(ll}} +Syn +Syn +5Syn
+cull)  +culll) +Cu(ll)

Figure 8. Relative metal-induced aggregation extent of Syn-Cu" system
(control) alone or co-incubated with L or NPs containing different amounts
of PLA-b-PEG,-CH,CON—L in the copolymer fraction (0 and 50 %). The Syn:
Cu:NP molar ratio was 1:3:0.1, and the experimental concentration of Syn
was 50 pM.
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zymes are upgraded with the ability to capture Cu", enabling
them not only to catalyze the dismutation of superoxide anions,
but also to inhibit Cu'™induced synuclein aggregation up to
50%.
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Inhibitor of a-synuclein
aggregation

A multifunctional polymeric
nanozyme capable to strongly coordi-
nate Cu" is designed, generating
complexes with a prominent superox-
ide dismutase activity. Moreover, the
combination of the polymeric

cu" chelator and
superoxide scavenger

platform with the chelator allows the
nanozyme to perform its second
activity: inhibition of both the self-
and metal-induced aggregation of a-
synuclein peptides.
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